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1.  INTRODUCTION 

With  the  ban  of  d)Oveground  nuclear  testing,  it  has  been  impossible  to  accomplish  performance  testing  on 
military  equipment  in  a  nuclear  environment.  Within  the  paA  30  yr,  several  nuclear  simulators  have  been 
constructed  to  accomplish  this  testing.  Recently,  technology  has  made  feasible  the  construction  of  a  simulator  of 
nuclear  air  blast  and  thermal  loading  called  the  Large  Blast/Thermal  Simulator  (LB/TS). 

To  siqiport  the  design  of  this  fiteility,  the  Blast/Thmrmal  Effects  Branch  of  the  U.S.  Army  Research 
Laboratory  (ARL)  has  been  working  with  an  aluminum  powder/liquid  oxygen  Thermal  Radiation  Source  (TRS) 
systeta  Once  it  was  <q)timized,  the  IRS  unit  was  to  be  installed  in  the  ARL  2.44*m  shock  tube.  In  this  &shioa 
problems  arising  with  the  LB/TS  could  be  studied  on  a  smaller,  less  expensive  scale. 

The  current  TRS  incorporates  numerous  modifications  from  its  original  state.  It  uses  aluminum  powder 
reacting  with  liquid  o^^gen  (LOX)  in  a  combustion  chamber  to  create  a  large  ian-like  flame.  The  flame  acts  as  a 
large  thermally  radiant  wall,  which  simulates  the  nuclear  thermal  radiation  pulse  delivered  to  a  target.  The  flame 
is  so  shaped  to  give  a  more  uniform  radiating  area  in  the  confined  area  of  the  shock  tube. 

In  the  origirtal  TRS,  the  thermal  output  of  the  flame  oscillated  with  large  amplitude  relative  to  the  mean 
yield.  It  was  qreculated  that  a  fluctuating  mass  flow  rate  of  aluminum  powder  in  the  system  caused  the  unstable 
output  There  was  no  control  over  the  thermal  output  relative  with  time  except  for  initiation  and  termination  of  the 
source.  The  rise  and  frtll  rate  of  thermal  output  was  slow  and  inconsistent  All  of  these  factors  led  to  poor 
prediction  of  the  ouqmt  tendering  the  TRS  an  ineffective  simulator. 

An  attempt  was  made  to  control  the  thermal  output  to  matdi  a  true  nuclear  thermal  pulse.  A  true  nuclear 
thermal  pulse  has  a  rapid  rise  with  a  slower  tail<off,  as  shown  in  Figure  1.  Control  of  the  TRS  ouq)ut  was  tried 
with  a  oomputer<oontrolled  aluminum  divert  valve.  The  effort  failed  due  to  aluminum  powder  clogging  the 
moving  parts  of  the  valve  and  slowing  or  stopping  the  motion. 
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Figure  1.  Nuclear  thermal  pulse  profile,  relative  scale . 
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Modifications  were  made  to  the  original  TRS  unit  to  improve  its  performance.  The  modifications 
iiKluded:  changing  the  divert  valve  to  a  thieei)ort  ball  valve,  adding  a  custom-built  combustion  chamber, 
inq)roving  LOX  and  aluminum  mixing,  and  making  changes  to  the  pneumatic  and  transport  process.  The 
combustion  chamber  improved  the  LOX/aluminum  mixing  as  well  as  spreading  the  flame  over  r  greater  area.  The 
divert  valve  operation  was  changed  to  produce  a  "rectangular*'  thermal  pulse.  The  ball  valve  was  selected  to  divert 
aluminum  to  and  fiom  the  combustion  chamber  for  faster  rise  and  Ml  times  on  the  flux  record.  There  still  existed 
a  large  fluctuation  in  the  thermal  ou^L 

An  enpnening  model  of  the  aluminum  powder  pressure  vessel  was  constructed  in  the  hope  that  it  would 
show  the  cause  of  the  large  thermal  fluctuations.  The  actu^  output  cf  the  model  was  mass  flow  rate  of  aluminum 
fiom  the  exit  given  the  inlet  gas  pressures.  The  model  did  reveal  the  source  of  mass  flow  fluctuations  was  not 
directly  dim  to  the  existing  pneumatic  setup.  The  fluctuations  were  shown  when  assumed  to  be  caused  by  forces 
outside  the  pressure  vessel.  Once  the  outside  disturbance  was  eliminated,  the  model  demonstrated  a  low  transient 
flow  rate  of  aluminum  powder.  The  results  were  a|q>lied  to  the  TRS,  and  the  thermal  output  was  stabilized. 

Modifying  the  system  delivering  aluminum  to  the  nozzle  created  smoother  and  higher  flux  records.  These 
changes  significantly  improved  the  system's  output  and  performance.  These  technology  upgrades  could  also  be 
applied  to  the  TRS  system  designated  for  the  L6/TS  to  assure  fa^^rable  operation. 

2.  ORIGINAL  THERMAL  RADIATION  SOURCE 

In  1976,  the  branch  (then  the  Blast  Dynamics  Branch  of  the  Ballistic  Research  Laboratory)  purchased  an 
aluminum  powder/liquid  oxygen  TRS.  This  unit,  along  with  a  set  of  three  combustion  products  ejectors,  was  to  be 
integrated  into  the  ARL  2.44-m  shock  tube.  For  evaluation,  both  systems  were  installed  in  a  2.44-m  pipe  section. 

The  TRS  unit  was  composed  of  two  parts,  the  module  or  "fuel  skid,"  and  the  three  nozzles,  as  shown  in 
Figure  2.  The  module  contained  the  pressure  vessels  that  held  the  aluminum  powder  and  LOX.  It  stored  the  high 
pressure  nitrogen  used  to  operate  the  TRS.  It  contained  all  regulators  and  pressure  gauges  and  was  also  the 
electrical  junction  for  the  valve  actuators.  The  nozzles  were  a  separate  body  placed  10  m  from  the  module.  At  the 
nozzles,  aluminum  powder  and  LOX  were  mixed  and  ejected  into  the  air  vertically.  The  nozzle  exit  was  a  small 
steel  combustion  chamber  lined  with  3  cm  of  graphite.  A  propane/oxygen  cross  flame  covered  the  nozzle  exit  into 
the  chamber  and  ignited  the  passing  aluminum/LOX  mixture. 
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Tbe  TRS  fiiiled  on  its  first  trial,  destroying  one  of  the  nozzles.  The  problem  encountered  with  the  thiee> 
nozzle  unit  was  a  fiudty  seal  between  the  ignition  ports  and  the  combustion  chamber.  The  seal  fiulure  allowed 
hydn^en  and  wQrgen  gas  to  jet  out  the  side  of  the  nozzle.  Tbe  ignited  fbaot  acted  as  a  blow  tordi,  melting  many 
of  tbe  middle  nozzle  compcments.  The  process  of  the  degrading  nozzle  and  the  ccmtinued  combustion  of  aluminum 
powder  and  LOX  caused  tbe  complete  (k'  juction  (d*  the  middle  nozzle  and  the  right  zozzle.  The  left  nozzle  was 
left  without  damage,  later  to  be  salvaged  into  an  improved  TRS  unit  This  event  severely  hampoed  the  TRS 
program  at  ARL.  Ahimimim/oxygen  TRS  work  was  considered  to  be  difficult  to  control  aiul  unmfe. 

2.1  Aluminum  Powder  and  LOX  System. 


The  aluminum  powder  and  oxygen  are  jetted  into  the  air  at  an  initial  velocity  of  dxut  IS  taJs.  Tbe 
inaHMity  of  the  thermal  radiation  generated  fiom  the  aluminum/LOX  IRS  is  fiom  the  omdetisuig  partides  of 
ahimimim  oxide  (Refamaiui  1983).  The  ignition  flame  serves  as  a  catalyst  to  cause  a  rapid  reaction  between  the 
fiiwnimmi  powdoT  and  oxygen^rich  environment  The  ignition  flame  melts  off  a  very  thin  aluminum  oxide  diell 
which  exist  on  all  aluminum  partidn.  The  mdting  temperature  for  aluminum  oxide,  600  K,  is  much  higher  than 


that  of  pure  aluminum.  When  the  aluminum  oxide  shell  is  melted,  the  aluminum  is  quidcly  melted  and  reacts 
streuogly  with  the  oxygen-rich  environment.  The  resrtion  itself  generates  Ireat  and  becomes  seif  propagating. 
When  the  reaction  is  complete,  the  resulting  aluminum  oxide  is  in  the  vapor  phase.  Convective  heat  transfo 
causes  the  aluminum  oxide  vapor  to  cool  and  condense  at  dXHit  3,000  K.  TTie  latent  heat  released  the  phase 
dnnge  and  the  resulting  radiant  heat  released  from  the  aluminum  oxide  molten  mist  account  for  the  majority  of 
the  heat  radiation.  EventuaUy,  the  molten  aluminum  oxide  raditues  enough  heat  and  cools  to  the  solid  phase.  At 
this  point,  there  is  little  radiant  energy  coming  form  the  particles,  and  the  heat  transfer  mechanism  is  mostly 
convective.  This  process  creates  a  large  flame  radiating  at  a  high  temperature. 

In  tire  original  TRS,  control  of  the  aluminum  powder  and  LOX  flow  to  tire  nozzles  was  accomplished  with 
pressurized  nitrogen  gas.  The  aluminum  powder  tank  and  IjOX  tank  pressures  were  preset  by  their  re^rective 
nitrof^  regulators.  When  a  ball  valve  at  the  bottom  of  the  aluminum  powder  tank  opened,  the  aluminum  powder 
was  injected  into  a  lutrogen  gas  high-speed  line.  A  divert  valve  in  the  nozzle  switched  the  aluminum  flow  either  to 
the  waste  recovery  bin  or  to  the  combustion  chamber.  LOX  was  driven  by  pressurized  nitrogen  gas  to  the  rrezzle. 
Both  LOX  and  aluminum  powder  would  flow  during  the  entire  operation. 

The  aluminum  was  contained  under  pressure  in  a  steel  (^linder  that  has  a  two-way  ball  valve  on  the 
Ixmom.  The  bottom  part  of  the  valve  injected  into  a  Venturi  chamber  and  was  mixed  with  passing  high-qreed 
nitrogen,  as  depicted  in  Figure  3.  This  was  where  the  hi^-pressure  nitrogen  expanded  at  high  speed.  The  static 
pressure  was  less  than  the  pressure  in  the  aluminum  tank.  When  the  valve  opened,  aluminum  was  forced  into  the 
high-speed  line  by  the  nitrogen  pressure  and  aluminum  weight.  It  was  entrained  with  the  high-qpeed  nitrogen  and 
accelerated  towards  the  nozzle. 


Hi^-Speed 

Nitrogen 


Figure  3.  Aluminum  powder  in  venturi  mixing  chamber. 

The  aluminum  powto  and  LOX  were  transited  10  m  to  the  nozzle.  The  LOX  would  flow  directly  to  a 
mixing  chaniber  and  out  the  combustion  chamber.  When  the  divert  valve  changed  the  aluminum  flow  from  the 
waste  recovery  bin,  aluminum  met  LOX  in  tire  mixing  chamber.  The  mixture  was  ejected  into  the  combustion 
chandrer  past  the  prqpane/oxygen  cross  flame.  The  valves  were  qxtated  by  gas  driven  achiators  that  re^iufed  to 
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a24>Vsigiialfitmiafeqiieiioeluner.  The  voltase  wchiU  energize  the  solenoid  that  wndd  opoi  a  fu  valve  witliia 
tfK  «€tuat(Nr  piston  diaiid>er.  The  gas  would  diq>lace  the  piston,  mechanically  moving  the  valve  by  a  radc  and 
linkage. 


2.1.1  The  Aluminum  Powder. 

The  aluminum  powder  used  at  ARL  is  R^nolds  Aluminum  grade  120.  As  seen  in  Figure  4,  the  paitides 
range  in  size  from  less  than  1  pm  to  100  ^m.  The  average  particle  size  is  drout  18  pm,  using  the  Fisher  method 
(Reynolds  Alufflimim  1990).  The  particles  are  not  q)herical  due  to  the  manufacturing  process.  A  apherical  grade 
can  be  but  this  giamilar  form  is  jKobably  siqxrior  (hie  to  the  increased  suriace^o-vtdume  ratio  for  reaction. 


Figure  4.  Grade  120  aluminum  powder  heterogeneous  region  at  500X. 


To  assess  the  average  particle  size,  several  miaographs  using  a  scanning  electron  microscc^  were  taken 
at  different  magnifications.  In  evaluating  the  micrographs,  no  quantitative  conclusion  could  be  drawn  as  to  the 
aze  distribution.  The  sample  drawn  from  the  lot  could  be  made  to  vary,  since  the  disttibuUon  of  powder  within  the 
](a  was  homogen^ms.  Furthermore,  the  method  of  removing  a  small  sample  could  bias  the  final  distribution. 
In  addition,  the  sample  handling  method  strongly  influenced  the  particle  distribution  in  the  final  anKMmt.  The 
tmcrogr^hs  did  provi<te  an  understanding  of  the  range  in  particle  sizes.  For  more  details,  refer  to  Anrendix  D. 

The  Ri^nolds  Aluminum  grade  120  is  the  only  type  of  aluminum  powder  currently  used  at  ARL.  In 
September  1989,  tl»  same  grade  was  used  by  Science  Applications  International  Corporation  (SAIC)  when 
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performing  the  aoceimmce  tests  on  a  four-nozzle  TRS  called  'SATAN*  for  the  Centre  d'Etudes  de  Gramat  (C£G) 
in  Gramat,  France.  The  te^  performed  at  SAIC  Laguna  Test  Site,  New  Mexico,  yielded  accept^le  results.  When 
the  TRS  system  was  reassembled  in  Gramat,  France,  the  output  of  the  IRS  was  obviously  different  (Mergnat 
1990).  Withcmt  immediate  access  to  Reynolds  Aluminum  grade  120,  the  CEG  used  a  local  supplier  of  aluminum 
powder.  Based  on  what  SAIC  had  q)ecified  for  aluminum  size,  the  CEG  purchased  aluminum  powikr  with  an 
average  particle  size  of  20  pm.  Apparently,  the  European  suii^licd  aluminum  powder  had  a  much  tighter 
distribution  of  particle  size.  The  thermal  output  of  SATAN  was  much  lower  than  expected,  with  the  flux  level 
increasing  with  time. 

The  CEG  changed  the  aluminum  to  a  much  larger  particle  80  pm.  The  effect  was  the  complete 
qiposite,  with  a  high  initial  flux  but  decreasing  with  time.  The  menibers  at  CEG  combined  equal  amounts  of  the 
two  grades  and  were  able  to  achieve  the  same  results  at  the  SAIC  Laguna  Test  Site.  Since  it  is  evident  that  the 
grade  of  aluminum  will  affect  the  thermal  ouQnit,  Reynolds  grade  120  was  selected  as  the  control  fiui  fca  TRS 
experiments. 


2.1.2  LOX. 

The  LOX  was  pressurized  in  an  insulated  container  with  nitrogen  gas  to  drive  it  through  the  nozzle 
piping.  The  50-gal  LOX  tank  was  insulated  to  maintain  the  cryogenic  temperatures  necessary  and  minimize 
losses.  Initially,  the  LOX  flow  was  started  as  soon  as  ttw  sequence  count  began.  The  lead  time  let  the  flow  cool 
the  nozzle  plumbing,  thereby  minimizing  LOX  evaporation  during  the  event.  When  the  LOX  arrived  at  the  three 
nozzles,  it  evrqxrrated  while  mixing  with  the  aluminum  particles.  The  ororgen-rich  mixture  was  ejected  past  the 
prtqrane/oxygen  flame  and  began  burning  within  the  combustion  chamber. 

2.2  Divert  Valve. 

A  divert  valve  in  line  with  each  nozzle  controlled  the  direction  of  aluminum  flow.  The  aluminum  would 
flow  either  to  the  waste  recoveiy  bin  or  to  the  nozzle.  At  the  start  of  TRS  operation,  the  aluminum  powder  flowed 
to  the  waste  recovmy  bin  for  a  few  seconds,  then  would  divert  into  the  nozzle,  then  back  to  the  waste  recoveiy  bia 

The  divert  valve,  depicted  in  Figure  5,  was  a  dual-plunger  assembly.  The  aluminum  powder  would  be 
transported  into  the  chamber  where  a  nylon  wedge  would  divert  the  flow  of  aluminum  to  the  open  exit  port  fadng 
the  vertical.  Depending  on  which  plunger  was  up  or  down  determined  which  path  the  aluminum  would  take.  The 
idungers  were  actuated  by  a  computer-controlled  stepper  motor.  The  stepper  motor  was  used  to  try  to  control  the 
aluminum  mass  flow  simh  that  the  TRS  would  simulate  the  flux  history  of  a  nuclear  evoat  as  shown  before  in 
Figure  1. 
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Figure  5.  Plunger  divert  valve. 

This  valve  design  was  the  primary  cause  of  the  TRS  £ulure.  As  aluminum  powder  entered  into  the  valve, 
many  of  the  moving  parts  were  impeded  by  the  aluminum  dust.  The  valve  of  one  nozzle  topped  functioning  in  the 
middle  of  a  tert,  leaving  the  aluminum  and  LOX  mixture  to  flow  and  burn  without  control.  The  steel  and  graphite 
combustion  diamber  eventually  melted,  damaging  several  component',  of  the  nozzle.  Alumirum  stag  from  the 
tmrestiained  bum  contributed  to  the  damage  of  the  tunzle.  The  actuators,  nitrogen  gas  lines,  divert  valve,  and  the 
structural  framework  were  damaged  beyond  salvage. 

3.  MODIFICATIONS  >IND  UPGRADES 

To  inqirove  the  simulator,  ARL  persoiuiel  generated  a  set  of  objectives  for  an  improved  TRS.  The  need 
for  the  TRS  to  reproduce  the  nuclear  thermal  pulse  of  Figure  1  was  relaxed.  A  nuclear  event  radiates  at  an 
equivalent  blade  body  temperature  of  about  6,000  K,  where  the  combustion  products  of  the  TRS  radiate  at  dxxit 
3,000  K.  Since  the  color  spectrum  was  incorrect,  there  was  no  need  to  emulate  the  time  profile  of  a  true  nuclear 
thermal  pulse.  An  easily  controlled  "rectangular”  thermal  pulse  was  chosen  for  the  IRS,  matching  the  total 
radiant  energy,  or  fluence,  on  the  target.  For  maximum  control,  the  new  TRS  would  emit  at  its  peak  rate  d 
thermal  output  within  100  ms  frjm  initiation.  The  flux,  or  thermal  radiant  intensity,  would  not  vary  by  a  standard 
deviation  greater  than  10%  of  the  average  ouQHit  The  output  was  to  be  terminated  within  100  ms  after  a  desired 
fluence  was  achieved.  The  source  was  to  be  integrated  with  the  2.44>m  shodc  tube,  which  has  sitKe  been  renamed 
the  "probative  tube."  Operation  of  the  TRS  was  to  be  safe  and  repeatable. 

The  TRS  program  was  continued  with  the  least  damaged  of  the  remaining  TRS  nozzles  and  the  module. 
A  single  unit  would  be  simpler  to  study  than  three  at  once.  It  would  be  modified,  upgraded,  and  tested.  One 
modification  would  be  to  change  tire  combustion  chamber  to  spteaA  the  flame.  If  the  resha^  flame  emitted 
mostly  in  one  direction,  it  would  give  the  same  cover  of  uniform  irtadiaAce  as  three  TRS  nozzles. 
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3.1  Combustion  Chamber. 


Tliiee  combustiOT  chambers  were  used  in  the  original  three-nozzle  TRS.  The  resulting  TRS  test 
demonstrated  the  evacuators  were  inc^Mble  of  removing  all  the  condwsticm  products  in  time  fat  a  blast  test  A 
single  TRS  unit  would  reduce  the  condMstum  productt  to  be  handled.  In  contrast,  tme  of  the  wigiaal  combustion 
chanters  wool^  be  too  small  to  generate  a  unifitrm  thermal  field  within  the  2.44-m  probative  tube.  A  larger 
oootestkm  dianter  that  would  quoad  the  flame  across  the  shock  hte  cron  sectkm  was  filnkated  and  installed. 

The  new  omitestkm  (tenter  mixed  the  LOX  and  aluffiimim  powder  diflGsrently  than  the  original.  The 
original  method  was  to  fill  an  outer  sleeve  with  LOX  and  mix  it  with  the  aluminum  as  it  passed  by,  as  seen  in 
ngured.  The  mixture  would  enter  the  combustion  chanter,  ignite,  and  jet  upward.  The  LOX  sleeve  was  not  a 
good  design  since  the  aluminum  would  sometimes  enter  the  deeve  and  would  bum  after  the  event  was  over. 
Burning  in  the  sleeve  was  part  of  the  reascm  the  miginal  TRS  was  damaged. 


Fi^6.  Mixing  chanter  and  LOX/aluminum  mixing. 


Figure?.  CcHitour  old  of  thermal  maiming  of  TRS.10Q  cm  from  TRS^tcr. 
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Tbe  new  method  of  mixing  injected  the  LOX  into  the  aluminum  powder  stream  at  an  iqiwaid  angle.  To 
aid  in  the  mixing  and  to  prevent  aluminum  fiom  entering  the  chanri)er,  a  nozzle  purge  system  was  installed. 
Nitrogen  gas  at  high  pressure  was  introduced  into  the  aluminum  powder  flow,  just  before  the  aluminum  mixed 
with  the  LOX.  When  the  aluminum  stopped  flowing,  the  nitrogen  would  purge  the  area  of  any  residual  particles 
out  into  the  chartdier.  The  purge  nitrogen  helped  prt^l  the  LOX-aluminum  mixture  through  the  igniters.  It  also 
^evented  any  mdten  readue  from  flowing  bade  into  the  high-speed  line. 

The  ptopane/oxygHi  ignition  cross  flame  was  replaced  with  a  hydrogen/oxygen  ignitirm  system.  The 
l^drogen  and  mixed  in  a  small  chamber,  then  ignited  by  an  automotive  spark  plug.  The  flame  was  injected 
into  the  combustion  chamber.  The  qrark  plug  ignition  method  proved  to  be  much  more  lelidrle  than  the  fiirnace 
qrark  tods,  and  the  hydrogen/oj^gen  burned  hotter  than  the  prtqrane/oxygen  ignition  system. 

The  resulting  fluenoe  of  the  oondmstion  diamber  is  shown  in  Figure  7.  TIus  thermal  mapping  straws  a 
flaw  in  the  oorrdwstion  chamber  ouQnit  The  plarra  area  of  irradiation  at  1  m  fiom  the  irazzle  center  is  not  very 
uniform.  There  is  a  distinct  high  gradient  flux  region  at  the  center  lower  part  Fortunately,  the  size  of  the  targets 
in  the  probative  tube  are  limited  due  to  blodcage  effects.  The  typical  target  to  be  tested  will  be  small  with  teq)ect 
to  this  region,  and  will  be  affected  in  a  fairly  urtiform  manner.  The  small  circles  show  ihe  location  cf  the 
calorimeters  used  during  the  test. 

The  resulting  isotherm  contours  in  Figure  7  were  generated  by  using  a  matrix  of  fitted  third-order 
polyncmiials  and  using  a  Frendi  curve  to  connect  the  grid  intersections.  A  polyiramial  was  fitted  to  tbe  top  three 
horizontal  calorimeter  values,  corresponding  to  a  line  rurming  through  the  calorimeter  centers.  Percent  values  in 
increments  of  ten,  of  tbe  maximum  calorimeter  reading,  were  indicated  along  the  curve.  This  procedure  was 
repeated  vertically,  horizontally,  and  diagonally  for  all  lines  connecting  three  calorinratets.  Tbe  resulting  overfa^ 
ofdecade  values  were  never  q;>art  by  more  than  S  cm,  nrastlyrra  more  than  2  cm.  The  result  was  a  gtotq>  of  points 
representing  the  pcdynomial  estimate  of  decade  percentile  values.  A  French  curve  was  used  to  smoothly  connect 
the  isotherm  points.  The  resultant  contours  yield  an  estimate  of  the  energy  distributitm  within  the  sbodc  tube  area. 

The  largest  drawbadc  of  the  combustion  chamber  is  tbe  accumulation  of  slag  on  the  walls  of  the 
combustion  chamber  after  each  test.  If  the  slag  is  not  cleaned  off  after  each  test,  the  buildup  tff  material  will 
interfere  with  the  flame,  causing  higher  transient,  less  predictable  output  Figures  8,  9,  artd  10  show  in  sequence 
the  deterknation  of  TRS  output  with  an  unclean  oombustion  chamber. 
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Flux,  ci|/cm^2*c 


3^  New  Divert  Valve. 


A  thne*port.  tmuize  ball  valve  was  selected  £ar  the  modification  (d’  one  vi  the  temaining  nozzles.  The 
initial  flow  of  ahiminum  would  be  tuned  at  90°  in  the  ball  valve  and  transited  to  a  waste  lecoveiy  bin.  At  the 
desired  moment,  the  ball  valve  would  tun  90°,  diverting  the  aluminum  flow  into  the  condMisti(Mi  chamber.  Aflera 
givea  time,  the  ball  valve  would  be  tuned  back  to  its  original  position,  cutting  off  the  TRS  flame  and  allowing 
aluminum  to  flow  back  iido  the  catch  band.  This  sequence  is  shown  in  Figure  11. 


Figure  11.  Three-port  ball  valve  operation. 


The  threeixut  ball  valve  was  installed  in  ttie  retained  nozzle,  just  behind  the  larger  combustion  chamber. 
A  pipe  with  constant  circular  cross  section  in  the  90°  bend  was  added  to  smooth  the  flow  of  aluminum  fixun  a 
horizontal  directimi  to  the  vertical  directioa  The  trial  test  inoduced  a  thermal  pulse  of  moderate  rise  time  but 
sharp  Ml  time,  as  seen  in  Figure  12.  This  result  was  progress  toward  the  objective  of  a  rectangular  pulse.  The 
high  ampUtude  fluctuations  are  discussed  in  section  3.7. 
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Rfisifhial  ahiminuni  powder  not  eliminated  by  post-test  cleaning  reacts  over  a  period  of  tiine  with  the 
mcMsture  in  the  atnioq)here.  The  result  is  an  extremely  stiff,  thick  aluminum  oxide  buildup.  The  original  divert 
valve  was  rained  by  the  effects  of  aluminum  oxide  buildup.  Hiere  was  concern  that  an  oxide  coating  on  the  bail 
valve's  moving  parts  would  in^pede  the  rotation  motion. 

The  valve  was  spot  checked  after  each  test  The  ball  valve  actuator  was  tested  with  increments  of  pressure 
to  determine  the  minimum  pressure  necessary  to  turn  the  ball.  It  was  expected  that  as  mme  TRS  events  occurred, 
altuninum  oxide  would  build  up,  and  the  minimum  actuator  pressure  would  need  to  increase.  However,  after 
twenty  events,  there  was  no  change  in  resistance;  after  forty  events,  the  reastance  was  reduced. 

The  valve  was  disassendrled  for  inflection  and  lubrication.  The  interior  showed  little  leadual  aiumimim 
powder.  Most  was  cfitured  by  the  valve  lubricant  The  ball  sur&ce  showed  little  to  no  tibrasion.  The  vriiite  nylon 
seals  had  turned  gray  in  areas  and  actually  reflected  as  polished  aluminum  in  fiots.  It  was  concluded  that  the  ball 
valve  was  wmldng  properly. 

The  aiqiatent  absence  of  aluminum  was  explained  by  the  nature  of  bow  the  valve  operated.  As  the  ball 
rotated,  the  nylon  seals  would  clean  the  ball.  The  imperfections  of  the  seals  were  filled  with  aluminum  powder  and 
were  eventually  conqueted  and  polished  with  each  event  As  each  event  occurred,  the  ball  eiqwiieoced  slight 
wear,  accounting  for  the  slight  decrease  in  rotation  resistance. 

The  basic  advantage  of  the  ball  valve  over  the  plunger  valve  system  was  that  the  ball  valve  had  fewer 
moving  parts.  In  the  abrasive  environment  of  aluminum  powder  and  the  possibility  of  buildup  areas,  decreasing 
the  number  of  active  parts  was  essential.  A  further  advantage  was  that  the  ball  valve  had  no  spaces  where 
aluminum  could  accumulate. 

3,3  Control  and  Instrumentation. 

One  of  the  problems  with  the  three-nozzle  TRS  was  the  lack  of  active  control  when  the  system  was 
running.  A  programmed  sequence  timer  took  over  operation  after  the  TRS  was  started.  It  would  run  the  entire 
event  by  energizing  solenoids  which  in  turn  fiened  and  closed  pressure-actuated  valves.  With  tlm  uncertainty  at 
the  HIS  fieration,  at  least  an  abort  mode  needed  to  be  added. 

The  TRS  required  improvements  in  the  control  and  instrunmntation.  The  primary  sensor  fbr  flie  IRS 
flame  was  the  Gardon-type  flux  tensor.  The  gauge  output  was  recorded  on  an  instrumentation  quality  tape 
teomder.  The  data  fiom  the  tape  would  later  be  digitized  on  an  analog-to-digital  converter  and  processed  on  a 
GomfMtff  to  give  fluence  and  an  ink  plot  flux  histmy.  The  data  were  stored  in  ASCII  frnmat  on  a  data  cartridge. 
Because  the  teomding  system  was  off-line  and  did  no  automatic  processing,  results  atul  analysis  were  slow  in 
coming 


3.4  Waste  Recovery  Bin. 


The  origiiial  waste  leooveiy  bin  was  designed  to  contain  the  diverted  aliuninttm  from  three  nozzles.  The 
bin  was  deigned  to  hold  60  kg  of  aluminum.  The  bin  was  simply  a  5S-gal  drum  with  a  modified  lid  The  lid  was 
constructed  with  one  entry  port  for  the  diverted  aluminum  and  three  2.5>in  pipes  welded  to  the  lid  that  ran 
vertically  in  the  center  of  the  barrel.  The  pipes  were  abmit  4  in  from  the  bottom  of  the  barrel  and  were  about  2  in 
above  the  barrel  lid.  The  *lips*  of  the  pipes  were  used  to  attach  commercial  grade  vacuum  cleaner  bags. 

This  system  was  extremefy  difficult  to  handle.  Cleaning  the  barrel  was  difficult  once  the  top  had  to  be 
lifted  with  a  hmst  and  tte  aluminum  scooped  out  with  a  shovel.  The  pipes  would  get  dogged  with  aluminum  and 
retard  flow  through  the  bin.  The  obstruction  caused  the  preflow  of  aluminum  to  be  slow,  srmtetimes  causing  slow 
rise  times  in  thermal  output 

The  bin  was  improved  by  replacing  the  S5-gal  drum  with  a  smaller  10>gal  container,  as  shown  in  Fi 
13.  The  lid  was  changed  to  accept  the  aluminum  divert  and  had  one  filtered  exit  port  without  any  pipes, 
incoming  powder  was  directed  against  the  wall  and  downward  by  a  small  shed  of  aluminum  just  inside 
entrance  pent  The  filter  was  nothing  more  than  a  cloth  rag  stretched  over  the  exit  opening  This  method  is  easier 
to  handle,  mainly  because  one  man  can  lift  the  can  with  aluminum  in  it  after  each  shot  The  aluminum  powder 
can  be  dumped  bade  into  the  aluminum  powder  container  at  tlw  TRS  or  be  dumped  bade  into  the  aluminum  can  fin 
storage. 


10^  Dm 


Figure  13.  Improved  was<:e,reTOverYbin. 
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3.5  TRS  Control  Modification. 


Tbe  sequence  timer  was  replaced  a  computer  programmable  controller.  Initially,  from  a  nearby  station, 
a  personal  computer  (PC)  transmitted  a  basic  time  table  to  the  on-site  controller,  as  depicted  in  Figure  14.  During 
the  sequence  run,  the  computer  and  controller  would  communicate.  If  certain  key  functions  failed  to  occur,  the 
contrtdler  would  alert  the  computer  and  the  operator,  and  either  one  could  abort  the  run. 


Figure  14.  TRS  controller  and  PC. 

This  new  system  allowed  the  experimenter  to  change  the  valve  operation  sequence  and  times  with  little 
effort  Its  ease  of  programming  and  flexibility  helped  troubleshom  some  major  problems  and  helped  eliminate 
misGres.  For  instance,  improperly  operating  valves  or  actuators  could  be  revealed  by  the  controller  feedbadc.  Safe 
manual  operation  from  the  controller  at  the  module  could  identify  a  problem  component  needing  replacement 

The  control  system  was  instrumental  in  helping  generate  an  operation  cheddist  as  detailed  in  Appendix 
A.  With  the  reliability  of  the  TRS  control  system  improved,  a  standing  operating  procedure  (SOP)  for  each  TRS 
experiment  was  established.  The  SOP  created  a  fundamental  continuity  of  experimental  procedure  that  was 
missing  in  past  experiments. 

The  oontroller  is  made  up  of  four  integrated  circuit  cards  —  a  power  card,  a  CPU  card,  an  analog  card, 
and  a  transistor  card.  The  power  card  distributes  electrical  power  to  the  controller  components.  The  CPU  card 
exchanges  data  with  the  personal  computer,  reads  the  time  tables  from  memory,  and  controls  the  TRS.  The 
transistor  card  is  the  memory  that  holds  the  time  table  and  the  valve  operation  sequence.  The  analog  card  converts 
the  digital  CPU  oontroller  output  into  cunent  for  the  proper  actuator  relays.  Tbe  TRS  controller  is  easy  to  rq)air. 
Tbe  four  cards  are  easily  removed  and  replaced.  Controller  to  PC  conununication  is  attained  by  an  RS-232 
inter&ce.  The  PC  retpiires  no  additional  special  hardware.  The  controller  is  somewhat  self-diagnostic.  If  one  of 
the  feediack  sensors  fails,  the  controller  will  not  work  and  will  indicate  which  sensor  &iled. 
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3.6  Lutrumcntatioii. 


The  C^urdon-type  gauge  continued  to  be  the  principal  calorimeter  during  the  TRS  testing.  This  was  done 
to  remove  sensor  influence  and  allow  direct  comparisons  of  new  data  to  past  data.  The  data  acquisition  qrstem  was 
ttmdemized  wifli  a  compact,  sequential  digital  recorder  that  allowed  up  to  110  channels  more  than  the  tape 
recorder. 


3.6.1  Calorimeters. 

The  Gatdon  type  gauge  is  the  primary  transducm-  used  to  measure  the  flux  ouqmt  of  the  TRS.  As 
sketched  in  Figure  IS,  the  gauge  is  basically  a  constantan  diaphragm  welded  to  a  copper  wire  and  body.  This 
particular  construction  generates  two  thermocouple  junctions.  The  diaphragm  acts  as  the  heat  transfer  sensor 
while  the  main  copper  body  acts  as  a  heat  sink. 

nMnnoeaupb  iupclMB 


Figure  IS.  Gardon-tvne  gauge  for  flux  measurement 


The  Gardon-type  gauge,  or  calorimeter,  produces  a  measurable  voltage  as  a  difierence  of  temperature  is 
produced  between  the  two  thermocouple  junctions.  This  voltage  can  be  represented  as 

V.  =  C„(T„-T,). 

where 

Vm  is  the  voltage  produced  from  calorimeter 
CpC  B  im^xntionality  constant 
Tq  is  the  di^hragm  center  temperature 
Tq  is  the  diaphragm  edge  temperature. 
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This  voltage  signal,  Vflj,  is  recorded  during  the  TRS  event.  A  calibration  constant  is  multiplied  the 
signal  data  to  convert  the  data  into  engineering  units.  The  calibration  constant  for  each  gauge  is  supplied  by  the 
manufacturer  but  is  always  checked  at  ARL  against  a  National  Bureau  of  Standards  second-generation  calibrated 
Gardon  Gauge.  The  thermal  radiation  source  for  calibration  is  a  graphite  element  heated  1^  high  voltage  and 
cunent.  The  cal3>ration  is  shown  in  Figure  16.  The  units  of  flux  used  at  ARL  are  calories  per  cm^-second 


Calonmatcr  to 
bcmlibiilcd 


Figure  16.  ARL  calorimeter  calibration  technology. 


One  of  the  main  concerns  about  these  particular  calorimetric  data  is  the  response  time  of  the  Gardon-type 
gauges  (Loucks  1993).  One  manufacturer  of  this  gauge  claims  an  exponential  response  time  of  68.2%  within 
SO  ms.  In  other  words,  if  the  calorimeter  experienced  a  discontinuity,  it  would  respond  to  the  signal  as  (l-e*^), 
where  C(  is  the  time  constant  and  is  equivalent  to  the  reciprocal  of  the  response  time.  If  the  TRS  data  traces  are 
corrected  using  this  number,  there  is  an  obvious  difference  in  the  flux  trace,  as  seen  in  Figure  17.  Details  on  this 
procedure  can  be  found  in  Appendix  B. 
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Figure  17.  Flux  history  corrected  for  slow  response  time  of  sensor. 
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The  flux  histoty  of  Figuze  17  shows  the  ori^nal  measured  trace  and  the  flux  hiitory  with  a  calculated 
oonectioQ  for  slow  tespoasc  tinw.  The  respoasc  time  was  (Cammed  from  an  e^qperiment  as  sk&cbed  in 
Figure  18.  Two  caltmmetm  were  placed  side  by  side  at  Uw  sanK  elevation  1  m  from  the  TRS  center.  One  (d'tbe 
caloriineters  had  an  aluminum  plate  covering  the  face  so  that  all  thennal  energy  from  the  TUS  would  be  blodred. 
The  plate  was  attached  by  a  black  thread.  The  TRS  would  bum  the  thread,  allowing  the  aluminum  plate  to  fall 
awi^-  flora  the  calorimeter  flee.  An  approximate  calculation  shows  the  shutter  time  to  full  ejqxtsure  to  be  idxxit 
1  ms,  which  is  negligible  wten  considering  a  response  time  of  about  SO  ms.  The  actual  data  generated  flora  this 
ejqieriment  are  shosra  in  Fi|^  19. 


BlKfcTlmd 


Tbennai  RtdUtion 


Figure  18.  Calorimeter  response  e.xpcriment  shutter  setup. 


Figure  19.  Response  experiment  data. 
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Tbe  two  cal(»riinetric  data  sets  were  compared  using  a  data  analysis  program  (DSP  Development 
Coipondion  1991).  The  shuttered  set  data  were  divided  hy  the  fully  exposed  set  which  yielded  an  exponential  tise* 
time  curve.  Several  curves  of  the  response  equation  (l-e**^)  were  created  to  be  compared  to  the  rise^ime  curve. 
The  best  fit  of  was  used  to  genoate  tire  corrected  flux  profile  in  Figure  17. 

The  le^nse  time  would  not  affect  the  fiuence  data  since  the  tret  differeiree  of  the  measured  and  corrected 
fluence  dimiiiishes  with  time.  The  mo^  profound  effect  is  when  the  TRS  output  has  to  ftll  within  qrectfic 
performance  requirements.  If  tire  TRS  were  to  perform  as  inescribed,  the  sensor  must  respond  lU  least  five  times 
firetn.  The  rise  and  fidl  times  appeared  to  improve  with  the  correction.  The  standard  deviation  (Baumeistar, 
Avalhme,  and  Baunreister  1978),  calculated  as 

A 

Average;  —  ; 


Standard  Deviation: 


Od  = 


n-l 


would  result  in  O0  well  over  10%  of  the  average  flux.  Further  studies  of  the  calorimeter  response  times  need  to  be 
pursued  to  determine  if  the  TRS  would  meet  the  parameters  eaablished  and  be  ready  to  be  introduced  into  the 
probative  tube. 

3.6.2  Data  Recording. 

The  rrew  data  acquisition  system  was  a  product  OFTIM  Electronics,  Germantown,  MD.  It  is  a 
MEGADAC  2200c.  This  small  system  was  ccmtrolled  by  a  PC  (the  same  one  communicating  with  the  contrcdler 
and  the  TRS)  and  could  record  up  to  126  chanrrels  of  data. 

The  system  tqrerated  sequentially,  sampling  the  data  from  each  charmel  in  a  stacked  fluhirm.  The  data 
were  stored  digitally  in  tire  MEGADAC  2200C  and  retrieved  by  the  PC  when  convenient.  Figure  20  shows  the 
■dwmatk  setup  d  the  ctmtroller  and  data  acquisition  system  and  the  way  they  were  linked  together  through  the 
PC. 
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FC  pn^ranuning  of  the  MEGADAC  was  accomplished  through  a  custom-written  program  (Muller  1991). 
The  program  had  a  library  containing  all  relevant  information  for  each  calorimeter  used  and  produced  data  sets  for 
each  chaimel  specifically  tailored  for  ARL  use.  The  program  could  be  used  to  generate  an  "Experiment  Table." 
This  table  would  contain  all  pertinent  facts  such  as  experiment  date,  title,  transducer  type,  sensittvity,  location, 
triggering  levels,  saitqile  rate,  test  durtuion,  and  other  information.  The  tables  are  easily  changed  and  are  ininted 
to  maintain  a  permanent  record.  The  turn  around  time  for  test  results  was  reduced  rignificantly.  The  data  are 

already  in  digitized  format  so  any  amdysis  can  be  immediately  started  fimn  the  PC. 

! 

3.7  Aluminum  Tank  Pressure  and  Fluidization. 

After  the  TRS  was  modified  by  adding  the  larger  combustion  chamber,  the  ball  divert  valve,  and  the  new 
control  i^stem,  TRS  testing  began.  As  evident  fiom  the  TRS  records,  thne  was  a  di^inct  6-Hz  oscillation  in  the 
ou^Mtt,  as  seen  in  Figure  12.  The  amplitude  was  modulated  to  about  75%  of  the  mean  output,  winch  was 
unaccqptable.  Presumably,  the  modulation  was  caused  by  a  fluctuation  in  the  aluminum  pow^r  mass  flow  rate 
fiom  the  aluminum  tank.  This  mass  flow  fluctuation  shows  up  in  the  thermal  outinit  as  the  oxygen-aluminum 
cmnbustkm  process  shifted  between  rich  and  lean  mixtures. 

The  pressure  and  aeration  system  for  the  aluminum  tank  was  nispected  to  be  the  cause  of  the  problem. 
The  system  used  a  single  pressure  regulator.  The  regulated  nitrogen  gas  traveled  to  a  T-fitting.  One  end,  with  low 
volumetric  flow,  went  into  the  tank  to  agitate  the  aluminum  powder.  This  line  was  called  the  "fluidizer." 
Fluidization  was  necessary  to  make  the  aluminum  flow  like  a  liquid.  The  other  end,  of  high  volumetric  flow, 
passed  a  chedc  valve  with  a  cn^  limit  pressure  of  90  psi,  or  pressure  required  to  open  the  valve  in  the  flow 
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directioii,  befim  catering  the  tank.  This  was  tera^d  the  "driver.”  The  driver  was  neeebd  to  piessurize  the  tank 
above  the  static  {ntssure  of  the  high-speed  nitrogen  line  so  the  aluminum  could  be  'driven*  into  the  high-qieed 
nitn^en  firom  the  tank. 

To  enhance  the  fluidization,  the  chedc  valve  was  used  to  limit  the  pressure  into  the  driver,  allowing  the 
fluidizer  to  remain  at  a  higher  pressure.  The  chedc  valve  was  installed  in  line  with  the  driva  after  the  T-fttting. 
This  preveiMed  flow  into  the  high  volumdric  flow  line  until  the  differential  pressure  reached  the  valve  crack  limit 
The  check  valve  would  open,  allowing  the  driver  gas  to  enter  the  tank.  The  idea  was  higher  inessure  fluidizer  gas 
would  ccmstantly  flow,  agitating  the  aluminum  powder.  Eventually  the  tank  pressure  dnqiped  below  a  certain  levd 
due  to  bong  open  to  the  hi^h<q)eed  line.  The  dieck  valve  would  ciadc  open  and  flow  enough  gas  to  malre  iqi  for 
the  flow  deficiency  rf  the  fluidizer. 

The  dieck  valve  is  designed  to  behave  as  an  underdamped  mass-qmng  system.  When  nitrogen  flowed 
through  the  valve,  it  would  cause  the  poppet  and  spring  to  chatter  at  approximately  the  same  frequoKy  as  the 
thermal  output  oscillations.  The  only  danqnng  was  ooulondt  friction  and  viscous  effects  on  the  poppet  and  q>ring. 
The  valve  also  limited  the  volumetric  flow. 

The  pressure  regulator,  T*fitting,  and  ched^  valve  were  replaced  with  separate  regulators  for  the  fluidizn’ 
line  and  the  driver  line  as  shown  by  Figure  21.  The  fluidizer  line  remained  low  volumetrically,  but  was  set  at 
highm  pressure.  The  driver  line  was  high  volumetrically,  Iwt  remained  set  68.9  kPa  lower  in  pressure  to  estaUish 
the  pressure  gradient  within  the  aliuninum  tank  for  powder  agitation.  This  balance  of  pressure  setting  and 
volumetric  flow  difference  provided  stable  pressurizing  and  fluidizing  of  the  aluminum  powder,  eliminating  the 
oscillating  pneumatic  effects. 

Figure  22  demonstrates  the  success  of  these  modifications  in  damping  the  flux  osdllations.  Not  only  was 
the  dqah  of  nmdulation  decreased,  but  the  avenge  thermal  output  increased  by  a  firetor  of  two.  The  distinct  6-Hz 
oscillation  was  removed,  but  a  small  amplitude  fluctuation  of  about  8  Hz  to  10  Hz  still  existed.  The  fluctu^on 
suggested  that  further  modification  of  the  TTtS  was  needed. 
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Ftgnrell.  TRS  flax  lecord  ifter  modificatioa  of  aeration/driver  tvitein. 

The  three-oojzle  TRS  tysiem  was  provided  with  a  fiex9>k  line  for  high<q>eed  tianqxm  of  the  aluminum 
powderfiom  the  module  to  the  nonzle  10  m  distant  When  the  TRS  was  modified  to  a  siogle  nozzle  configumtioit 
as  mudt  of  the  original  equtpmeitt  as  possible  was  used,  and  the  flexible  higlHq)eed  line  was  retained 

After  the  (*iiver/fluidizer  system  was  im|»oved  there  still  persisted  an  S-Hz  to  10^  fluctuatitm  in  the 
thermal  output,  but  of  a  mudi  lesser  magnitude  than  the  former  diecfc-valve-induced  oscillation.  An  engineering 
model  of  the  aluminum  tank  pneumatics  and  the  high-speed  nitrogen  line  was  developed.  The  model  was  an 
attempt  to  reproduce  the  oscillating  mass  flow. 

The  mathematical  model  of  the  pressurized  aluminum  tank  revealed  that  the  tank/high-qwed  line 
intet&oe  did  not  set  up  a  resonance  condition.  If  the  pressure  outside  the  exit  of  the  tank  were  constant,  then  the 
mass  flow  rate  of  aluminum  would  be  steady  after  an  initial  burst  rtf' powder,  tf  the  exit  pressmre  cd  the  aluminum 
powder  tank  were  oscillatory,  then  the  mass  flow  rate  would  be  directly  influenced  For  a  more  detailed 
cgdanatHM  ofthe  mathematical  roodd,  see  ^rpendixC. 

The  flexible  high-qieed  line  was  irrvestigated.  It  was  found  that  some  rtf  the  line  was  blocked  Ahimimun 
powder  had  settled  in  smne  slight  dips  and  curves  and  hardened,  The  line  gave  adequate  passage  when  the 
alumimun  was  initially  iryected  into  the  high-speed  flow,  but  when  the  aluminum  arrived  at  the  blockage,  the 
Uockage  would  lower  the  mass  flow  until  the  initial  aluminum  mass  passed  through.  Blodcages,  comlniied  with 
the  line's  dnlity  to  expand  in  length,  created  pockets  of  aluminum  powder  concentration. 

The  flexline  was  diminated  and  a  smooth-walled  rigici  copper  tube  of  equal  inside  diametm  was 
instalted  The  residt,  as  evideot  in  Figure  23,  is  a  relativdy  smooth  and  levd  thermal  output  with  Cut  rise  and  fidl 
times.  By  die  dumges  described  ARL  was  dde  to  create  a  TRS  that  has  fidriy  precise  ouqxit  with  a  good 
approxunathm  of  a  rectangular  thermal  pulse. 


Figure  23.  TOSfli«.iwprii  after  wodificrtion  of  aJumininn  oowter  transnort  line. 

3.S  Chanctersuition  Methods. 

To  evaluate  the  diauges  made  to  the  TUS.  a  method  to  aoalyK  the  data  was  needed.  Since  the  TRS 
output  is  nearty  rectangular,  feur  adiemes  that  describe  the  output  as  a  stiictiy  rectangular  pulse  with  defined 
aiBfdhiide  and  duration  have  been  developed.  The  anqriitiide  can  be  described  as  the  average  flux,  and  the  dmation 
is  the  time  of  thermal  outwit  at  the  defined  average  flux.  These  four  sdiemes  are  the  Full  'Wfidth  method.  Fhll 
Width  at  Half  hfludmum  method.  Moments  Matching  method,  and  the  preseidly  preferred  Fourier  Averaging 
method  (Loudcs  1990). 

3.«.1  FuU  Width  Method. 

The  Fun  Width  method  defines  the  pulse  width  of  the  flux  record  as  the  time  from  the  initiatioa  of  the 
Tits  until  the  flux  level  has  dropped  bdow  some  minimum  point  dose  to  the  basdine.  The  aiqrinude  is  then 
detenmined  by  dividiiig  the  fluence,  m  the  integrated  flux  record,  by  the  pulse  wkhh.  The  beguming  of  a  flux 
record  is  ordinarily  well-defioed,  but  the  termination  point  is  vague  due  to  the  hot  doud  <£  residue  still  praxirmUB 
to  the  target  after  shut-down.  The  still  cooling  aluminum  oxide  partides  leave  a  decaying  trail  on  the  calorimeter 
data  and  prdmigs  the  termination  poim.  As  seen  in  Figure  24.  the  determination  of  the  pulse  wiifth  mually  leads 
to  kw  amplhude  kvds,  poorly  diaracterizing  the  TRS  dma. 
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Figure  24.  Conwwriscms  between  TRSdattMKi  Full  Width 
3.8a  Fan  Width  at  Half  Maximum  Method. 

This  is  s  corrected  Full  Width  method.  The  Full  Width  method  is  modified  by  redrfining  the 

poise  width  onset  and  tenniaation  pmnts.  As  seen  in  Figure  25.  these  poiiits  are  defined  as  where  the  flux  record 
initially  readies  more  than  one-half  the  maximum  value  and  where  the  flux  levd  drops  bdow  this  value  again. 
This  mediod  improves  the  ideal  diaracteriTation  because  it  is  not  prohmged  by  the  residual  burn-off. 

Large  variatioos  in  TRS  output  aflect  the  repeatability  of  the  TRS  maximum.  Determination  the  half- 
maximnm  value  changes  between  records.  Because  of  the  amoortt  of  this  variation,  crossover  to  below  half- 
maxhmim  could  occur  more  than  tmce.  Multi]de  crosnver  bdow  half-maximum  imands  a  proldem  in  some 
algorithms  Ibr  cstaMishigg  the  parameters  but  can  be  overcome.  A  drawback  to  this  method  is  that  the  exduskm 
of  data  outside  the  defined  pulse  length  results  in  a  low  fluence  calculation. 


ngore2S.  Comaarisons  between  TRS  data  and  Fall  Width  at  Half4daxinium  method. 


3.8^  Moments  Matching  Method. 


Tbe  Khanons  Matching  Method  can  establish  the  paiameten  of  the  rectangular  polx  fitnn  an  arbitrary 
pulse  in  terms  of  its  zeroth,  first,  and  second  moments.  The  equation  is  a  time  transfimnation  of  the  data.  Thenth 
mmnent  is  defined  as 

M.  =  £Jf(x)t“dt. 

Tbe  rectangle  that  is  parameterized  is  the  one  sriiidi  most  doaely  matches  the  same  moments.  The 
amiditiide  A  and  the  pulse  width,  pw,  can  be  found  centered  about  a  pmnt  in  time,  t^,  from  the  following 
eqnatimis; 


The  zeroth  moment,  is  the  fluenoe  of  the  record,  and  determining  pw  is  rigorous.  Tbe  limitation  of 
this  characterization  sdieme  is  that  pw  is  dependent  on  the  aectmd  mcHnent.  Mj.  The  second  moment  is  extremely 
sensitive  to  the  range  of  data  being  observed.  As  the  range  of  data  points  is  increased,  the  instrumentatum  line 
noise  will  quiddy  affect  the  second  nmment  value  because  of  the  t^  term.  The  consequence  is  uncertainty 
regarding  the  calculated  pulse  width.  The  TRS  data  set  rmist  be  carefully  bounded  to  diminate  line  noise  outside 
what  is  ocmsidered  pertinent  data  before  analysis  can  be  p^onned. 

3,8.4  Fourier  Averaging  Method. 

Tbe  Fourier  Averagirig  Method  (Lxiuda  1991*)  is  a  rdihble,  rigorous  method  of  characterizing  a  TRS 
data  set,  requiring  no  estimation  or  manual  work.  Tbe  ito  is  mudi  foe  same  as  foe  Moments  Matching  method  in 
that  the  data  set  is  srfojected  to  a  transformation,  then  compared  to  a  rectangular  pulse  stfojected  to  the  same 
IHOoess.  Tbe  rectangular  pulse  that  most  closely  matches  that  data  defines  the  diaracterization  parameters. 

The  Fourier  transform  of  a  timeHiependent  equation  into  the  frequency  domain  is  defined  as  sudi 

G(f)  =  j;^F(t)e-'”dt.  G(f.)  =  0.  pw  =  i. 

*0 

The  Fourier  transform  of  a  TRS  data  set  will  yield  q^ximately  foe  same  transform  results.  By  simply 
finding  foe  first  minimum  point  of  the  transformed  record,  the  pulse  width  is  established.  The  TRS  data  set  is  then 
fiilfy  diatacterized.  The  transform  is  relatively  insensitive  to  foe  range  data  used.  Because  of  foe  insendtivity, 
<1^  pdnts  can  be  bypassed  or  dma  sets  dedmated  to  increase  the  qreed  ci  daracterization. 
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The  Fourier  transform  will  break  into  two  partt,  real  Md  imaginary.  The  nognitude  u  Uie  pontive  square 
root  of  the  ram  of  the  squares  of  the  two  parts.  At  0  Hz,  the  raorgy  density  will  be  at  a  maximum.  This  is  also  the 
floence  of  the  TRS  reemd.  As  the  fiequenQr  increases,  the  resulting  integration  will  decrease  until  eventually  a 
minimum  is  readied.  Since  the  magnitude  is  the  positive  square  root  of  the  sum  of  the  squares,  its  value  will  never 
be  negative.  Fm  a  true  rectangular  pulse,  this  first  minimum  will  be  zero.  Since  TRS  is  a  distortion  of  the 
rectangle,  the  minimum  may  not  be  zero,  but  the  minimum  is  still  clearly  ikfined.  The  pulse  wi^  is  defined  as 
the  rediKOcal  of  the  frequency  where  the  magnitude  of  the  transform  is  a  minimum. 

The  minimum  f0  is  unknown.  Finding  it  is  done  by  iteration  since  the  solution  requires  a  transfrmnatkm 
from  the  tirne  domain  to  the  frequency  domain.  Fortunately,  few  iterations  are  required.  The  process  can  be  made 
iwHe  rapid  first  estimating  the  pulse  width  and  concentrating  the  method  in  that  area,  but  that  is  not  necessary. 
The  result  is  a  method  of  characterizing  the  TRS  thermal  pulse  without  any  estimations  or  manual  work.  The 
technique  is  rigmous  and  the  result  rqieatable  with  predsion. 

3.9  TRS  Analysis  Program. 

A  TRS  data  reduction  and  analysis  program  called  DANTE  (Loudes  1991'*)  was  written  and  placed  on  the 
same  PC  as  the  TRS  controller  and  the  data  acquidtion  system  to  expedite  the  process  of  data  aiudysis.  Also  with 
the  ability  of  the  MEGADAC  2200C  to  record  several  chaiuwls,  a  qiuidk  methiod  to  reduce,  analyze,  and  review  the 
TRS  datt  on<site  was  needed. 

All  four  characterization  methods  are  used  in  DANTE.  Each  TRS  calorimeter  record  is  dipped  of 
baseline  data  arul  run  through  the  four  characterization  schemes.  Each  reemd  is  run  through  a  statistical 
suixoutine,  which  calculates  an  average  flux,  standard  deviation,  and  nominal  deviation. 

Fof  thermal  mapping,  the  calorimetric  data  was  also  compared  to  a  calorimeter  placed  in  the  same  qatial 
reference  point,  called  the  standard,  resulting  in  a  normalized  ouqxit  A  resulting  data  record  is  diown  in  Figure 
26.  The  data  arriy  produced  from  each  calorimeter  channel  was  divided  the  same  time*arn^  element  firom  the 
standard  data  set  This  resulted  in  a  Tercent"  normalized  result 

F  (t  ) 

p.%  =  **p4ioo»/.  . 

The  standard  varies  between  burns.  The  data  are  more  representative  of  the  test  series  if  a  particular  TRS 
born  were  to  deteriorate  m  exceed  its  average  flux.  Also,  the  normalized  valires  could  be  easily  arjyusted  to  reflect 
aiqr  deviation  of  the  reference  to  the  average  output  of  the  TRS. 

The  result  of  DANTE  is  an  information  set  for  each  channel.  The  develr^ment  of  DANTE  has  been  very 
useful  in  findii^  and  eliminating  oonqiiicatitms  with  the  TRS  output,  performing  tests  for  oOxa  projects  and  doing 
thermal  nuqiping  (Loucks  1991*). 
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Hie  Analysts  Sbeet  infcHmiation  provided  input  for  a  database  for  comparisons  against  otber  data  sets  a( 
the  same  test  Each  calorimeter  was  conqiared  against  the  riandard  and  other  events.  The  normalizing  was  to 
evaluate  die  tfaennal  radiation  incident  to  an  array  member  calorimeter  relative  to  the  standard.  When  the  array 
setim  was  altered,  the  standard  would  reflect  the  rmrmalized  output  when  making  comparisons.  The  first  part 
the  sheet  is  TRS  event  identification  and  calorimeter  data  (location,  channel).  The  ideal  parameterizaticm 
conmared  the  four  methods.  The  statistical  analysis  provided  a  way  to  measure  the  performance.  The  standard 
deviation  and  nominal  deviation  gave  a  measure  of  the  amount  of  variation  in  the  output  during  the  steatfy-state 
idiase.  The  normalized  ownparisons  are  the  output  divided  by  the  standard. 


TSST:  Total  Mminm 
SHOT:  TRS-4-92 
STATION:  -M/-10/72 
lESIMItNO  TINE:  0  aac 
TINE  INTEBVAL:  .004  sac 
AHHAT  SIZE:  212S  data  points 
TINE  OF  ARRIVAL:  3.362023E-03  sac 
PEAK  LEVEL:  107.1847  cal/cai*2-Bac 


IDEAL  PARANETERIZATION 


METHOD 

FLUENCE 

PULSE  WIDTH 

AVERAGE  FLUX 

cal/cai*2 

sac 

Cal/cai*2*sac 

FULL  WIDTH 

426.281 

6.068 

70.74506 

FULL  WIDTH  HALF  NAX 

401.9088 

5.272 

76.23461 

NQNENTS  NATCHINfi 

429.281 

5.618311 

76.40749 

FOURIER  AVERA8IN6 

429.2989 

5.535471 

77.55418 

STATISTICAL  ANALYSIS 

NEAN  •  72.6503  Cal/aa*2*sac 
STANOAM  DEVIATION  >  18.45188  Cal/oa‘2-sac 
NONINAL  DEVIATION  «  25.39822  X 
TINE  RAN6E  -  5.72  sac. 

STATISTICAL  aiP  STARTED  AT  .888  sac  AND  ENDED  AT  6.608  sac 

NQRNALI2ED  CONPARISCNS 
OONPARISON  ACAINST  TRS*4-92  -60/-10/72 
NORNAL  NEAN  >  100.0699  X 
NORMAL  STANDMD  DEVIATION  >  6.992616E-02  X 
TINE  RAWE  «  5.724  SEC. 

NORMALIZED  CLIP  STARTED  AT  .856  sac  AND  ENDED  AT  6.58  sac 


Figure  26.  DANTE  analysis  sheet  information. 
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4.  SAFETY 


The  (»iginal  TRS  was  not  vny  safe  to  (qxrate-— the  technology  and  mechanics  wefc  untried,  and  the 
maiaials  were  considered  hazardous.  Aflo'  the  fiulure  of  tlw  three  nozzle  source,  the  ARL  program  stipulated  that 
the  TRS  must  be  safe  to  operate.  An  SOP  was  needed,  and  it  had  to  consider  the  TRS's  effects  on  personnel  and 
die  environment 

4.1  Pcnonnel  Impact 

Personnel  operating  the  TRS  must  be  protected  feom  accidental  thermal  radiation,  flames,  ciyogmiics, 
electrical  current,  and  aluminum  powder.  An  SOP  was  written  based  on  knowledge  gained  by  experiments. 
Individuals  also  received  pnqxr  clothing  and  training  in  the  materials  they  were  handling. 

There  ate  three  substances  used  that  require  a  Material  Safety  Data  Sheet  (MSOS).  They  are  aluminum 
powder.  LOX,  and  liquid  nitrogen  (LN2).  All  three  substances  are  relatively  harmless  to  the  personnel  except  in 
qiecial  conditions.  Careless  handling  of  the  cryogenic  liquids  could  result  in  freezing  injuries.  Additionally,  two 
individuals  are  needed  for  LN2  handling.  One  technician  handles  the  equipment  while  the  other  observes  the 
nitrogen  transfer  process  from  a  distance.  This  precaution  is  taken  in  case  the  operator  is  accidentally  overcome  by 
an  abundance  of  nitrogen,  which  could  possibly  displace  oxygen  for  breathing. 

The  aluminum  powder  can  prcjcni  some  hazard  to  the  individual  handling  it.  It  is  a  conibustlble 
material.  The  handler  must  take  care  not  to  allow  flames  or  qraiks  in  his  vicinity.  Pnqrer  grounding  must  be 
ensured.  A  respirator  and  face  slueld  is  required.  Exposure  to  high  concentrations  of  aluminum  powder  can  cause 
eye  and  respiratory  system  irritation  (R^olds  Metals  Company  1988).  There  are  no  known  carcirmgenic  or 
reproductive  effects. 

4.2  Environmental  Impact. 

The  TRS  produces  aluminum  oxide  and  heat.  The  waste  recovery  bin  catches  at  least  99%  of  the  unused 
aluminum  powder.  Hie  powcfer  is  recycled  with  some  loss  when  transferring  from  the  waste  recovery  bin  to  the 
aluminum  powder  tank  or  storage  container.  The  wasted  LOX  and  LN2  go  bade  into  the  atmoqihere.  The 
aluminum  oxide  powder  produced  from  the  bum  fells  back  to  the  ground  and  is  dispersed  onto  the  soil. 

The  area  within  a  30-m  radius  of  the  TRS  is  considered  the  "buffer”  area,  as  seen  in  Figure  27.  Any 
severe  ^ects  are  realized  within  a  S>m  radius,  the  "danger”  area.  Special  cate  is  needed  when  there  is  a  target 
]»eaent.  The  thermal  radiation  effects  on  some  coatings  can  cause  chemical  changes.  Some  of  these  coatings  can 
become  carcinogenic  or  poisonous.  The  toxic  materials  must  be  contained  and  diqxised  of  ptrperly. 
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4^  Fire  Hazards. 

At  present,  the  greatest  danger  is  that  some  of  the  larger  condensed  particles  of  aluminum  oxide  are  sdll 
idiove  the  ignition  temperature  of  the  material  on  udiich  they  fall.  The  danger  is  when  these  particles  land  in 
flanun^le  areas  m- material  (e.g.,  grassy  areas,  wood,  or  tar  paper).  The  SOP  dictates  that  no  IKS  operation  will 
be  conducted  near  any  flammable  materials.  To  ensure  that  hot  particles  do  not  get  carried  wind  outside  the 
danger  radius,  the  TRS  is  never  fired  in  winds  higher  than  S  m/s. 

The  module  is  well  within  the  30>m  buffer  radius  but  is  well  protected  from  the  TRS  effects.  The 
aluminum  powder  is  contained  in  a  heavy  steel,  airtight  tank  that  is  pressurized  by  nitrogen  gas.  The  hydrogen 
and  otgrgen  gas  bottles  are  equipped  with  e}q)losion<proof  valves  and  are  thmnselves  immune  to  ai^  hot  particles. 
The  LOXccmtainer  is  well'insulated  and  has  a  steel  covering.  The  controller  is  enclosed  in  a  steel  omtainer  and  is 
sealed  before  each  test  as  directed  by  the  SOP. 

Four  different  fire  extinguishers  are  available  during  a  test  Two  of  these  are  class  A  and  B  extinguiriien. 
One  dass  C  dry  chemical  extinguisher  is  available  for  fires  involving  energized  electrical  equipment,  and  a  class  D 
^dietalex)  is  avaiUdde  for  any  fires  diie^y  involving  the  aluminum  powder  (National  Fire  Protectioa  Agency 
1969).  Sand  is  also  avaihdtle  to  contain  aluminum  powder  fires  and  is  the  recommended  method  of  fighting  a 
metal  dust  fire  (Aluminum  Association  1985). 

It  is  important  to  understand  the  use  of  the  different  extinguishers.  By  the  MSDS  for  aluminum  powder, 
the  A-B-C  extingnishen  are  not  fin  use  against  the  aluminum  powder  in  the  event  a  fire.  Pressurized  systems 
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thtt  oould  tUr  or  react  tvith  burning  aluminum  will  spread  tte  aluminum  powder.  The  agitation  omild  cause  the 
aluminum  powder  to  form  a  cloud,  increasing  the  oxygen-to-hiel  ratio  to  dangerous  levek.  The  sand  is  used  to 
build  a  ring  dam  around  the  burning  aluminum  to  contain  the  flames.  Hie  class  D  extinguisher,  wbea  released, 
sinks  down  mto  the  burning  powder  and  smothers  the  fire. 

The  likeliest  means  ci  accidental  ignititm  of  aluminum  powder  is  generation  ct  a  static  electrical  sparit 
while  the  aluminum  powder  is  being  transferred.  To  ensure  this  does  not  luqq)en,  the  TRS  and  accessories  are 
grounded.  The  aluminum  powder  is  stored  in  a  vented,  dry.  and  grounded  shed  45  m  from  the  TRS.  The  died  is 
made  d  wood,  but  the  floor  is  covered  with  a  wire  mesh  that  is  attached  to  a  buried  1-m-long  copper  grmmding 
rod.  All  the  equipment  used  to  handle  the  aluminum  powder  is  nonsparking,  conductive  material.  The  TRS 
module  is  also  connected  to  a  l>m  copper  grounding  rod.  A  detachable  grounding  strsq)  is  attached  to  the  TRS 
module  and  is  dipped  to  the  aluminum  container  during  loading  of  aluminum  powder  into  the  aluminum  powder 
tank.  The  grmmding  also  helps  prevent  accid«ttal  ignition  lightning  strikes. 

5.  SUMMARY 

The  performance  guidelines  for  the  ARL  TRS  Program  have  not  yet  been  met.  A  repeatable,  consistent, 
and  uniform  radiant  field  that  can  be  inserted  into  the  2.44>m  probative  tube  is  not  yet  a  realization.  The 
modifications  of  the  formerly  damaged  unit  has  resulted  in  a  unit  that  was  state-of-the-art  The  rise  and  fall  times 
of  the  flux  record  are  no  more  than  100  ms  and  are  probably  better.  The  average  variation  during  maximum 
thermal  ouqmt  is  believed  not  to  exceed  10%.  Currently,  fluence  is  predictable  to  within  ±2%  More  woric  needs 
to  be  performed  to  learn  of  the  possible  defidendes  of  the  calorimeter. 

The  addition  of  the  large  combustion  chamber,  three-way  ball  valve,  and  changes  in  the  aluminum 
fluidization  and  transport  were  the  most  significant  mechanical  improvements  to  the  inS.  Changing  tte  control 
and  data  acquisition  systems  were  the  additional  measures  necessary  for  operation.  The  computer  simulation  of  the 
aluminum  pressure  vessel  was  tte  begiiuiing  of  modeling  the  entire  ^stem.  The  experiments  resulted  in  learning 
that  the  TRS  flame  cannot  be  spread  as  predicted.  The  aluminum  powder  loses  too  much  energy  before  it  is  past 
1  m  dxtve  the  combustion  chaniber.  There  is  a  need  to  develop  an  advanced  TRS  that  incorporates  all  lessons 
learned  from  this  effort. 

Three  years  of  experimentation  have  provided  experience  in  safely  handling  aluminum  powder, 
cryogoiics,  and  targets.  An  SOP  to  ensure  the  safety  of  personnel  and  protection  of  the  environriKnt  has  worked 
very  well.  The  facility  created  for  this  type  of  experimentation  has  enabled  ARL  to  continue  this  Q'pe  of  work.  It  is 
feasflile  to  design  improved  TRS  systems. 
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APPENDIX  A;  TRS  OPERATION  CHECKLIST  AND  EXPERIMENT  SHEET 


IntentionaDy  Left  Blank 
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Praccdlira  fM*  tlw  "IlUa  FImm"  TSS  SjfftoB. 


1.  Turn  rntbeitiife  wanting  lights  and  pot  safety  bairicadefiiid  warning  signs  in  place. 

2.  Assure  thtt  fire  extinguishers  are  dharged  and  available. 

3.  Set  safiBly  rday  switch  in  blodchouse  to  safe. 

4.  Install  panel  control  key  in  contrcdler  at  service  module. 

5.  CbedcLOX  and  Alsupfdy  levels  in  service  module  taiiks. 

6.  ChedcfiiatfiieAl  supply  tank  cap  is  securely  installed  and  that  the  nozzle  {dug  is  removed. 

7.  Open  the  three  nitrogen  storage  tank  manual  valves. 

8.  Clear  the  area  of  nonessential  personnel  and  confirm  that  the  panel  control  switch  <m  the  service 
module  controller  is  off. 

9.  Turn  on  the  TRS  power  suK>ly  in  the  blockhouse  and  place  the  safety  reh^  switch  in  the  operate 

portion. 


10.  Adjust  the  N2  pressure  regulators  located  on  the  service  module  to  the  output  pressures  lined  on  the 
operational  cheddist 

11.  Place  the  panel  control  switch  on  the  service  module  controller  in  the  panel  control  position  and  the 
controller  mode  switch  in  the  device  test  position. 

12.  Cbedr  the  actuator  operation  of  the  functioning  of  the  valves  listed  on  the  (^rational  checklist 

13.  After  the  valve  actuators  and  valves  have  been  fimctioned,  record  the  N2  pressure  regulator  ou^ 
pressures  oa  the  operational  cheddist. 

14.  Verify  the  operation  of  the  TRS  ignitimi  system  by  performing  the  fidlowing  steps.  Open  the  02  and 
H2  stqtply  cylinders  and  check  the  siqn>ly  tank  pressures.  Set  the  02  and  H2  regulator  output  pressures  to  the 
values  liAed  on  the  t^rerational  cheddist  Race  the  panel  control  switch  on  the  amtroller  to  the  pand  control 
position  and  the  controller  mode  switch  in  the  device  test  position.  Place  controller  in  the  ignition  sequence  mode 
and  press  the  start  switch  to  initiate  igniters.  After  stable  ignition  (qreiation  is  confirmed,  press  the  stop  switch  to 
terminate  the  ignition  sequence. 

15.  Place  the  panel  control  switch  on  the  service  module  controller  in  the  off  position  and  the  safety  relay 
switdi  in  the  safe  position. 

16.  Chedc  the  N2, 02,  and  H2  gas  supply  levels  and  the  LOX  and  A1  siqiply  levds  at  the  service  module. 

17.  Close  the  N2. 02,  and  H2  gas  siqH>ly  valves. 

18.  With  the  safety  relay  switdi  in  the  safe  position,  place  the  pand  control  switch  on  the  service  module 
coiuroller  in  the  pand  contrd  position  and  the  controller  mode  switch  in  the  time  set  position.  Chedc  and/or  set 
the  controller  fiuiction  times  as  listed  on  the  operational  checklist. 

19.  Ctmfirm  that  the  safety  relay  switch  is  in  the  safe  position  and  place  the  pairel  control  switch  on  the 
service  module  oontrdler  in  the  remote  position. 
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20.  Load  the  contnd  program  (Mop.bas)  into  the  control  conqniter  in  the  blodkhouse  and  nin  the  control 
program.  InitiatB  test  start  from  the  Uodc^wse  oonqHiter  and  verily  the  start  of  the  service  nKxlule  controUer. 
Alter  verifying  the  service  module  controller  start,  abort  the  test  from  the  Uodchouse  computer. 

21.  Race  the  panel  contnd  switch  on  the  service  module  controller  in  the  off  ptwtion  and  confirm  that 
the  blockhouse  petsotmd  are  ready  to  conduct  the  test. 

22.  Open  the  N2, 02,  and  H2  siqtply  tank  valves.  Record  the  N2,  02,  and  H2  siqtply  tank  pressures  and 
the  02  and  H2  regulator  ouQtut  pressures  on  the  cqreralional  cheddist. 

23.  Place  the  panel  control  switch  on  the  service  module  controller  in  the  remote  position  and  secure  the 
oontroltodomr. 

24.  Ctmfirm  that  the  area  is  clear  of  personnel  and  record  the  weather  conditions  on  the  operatkmal 
diedclist 

25.  Sound  the  range  warning  siren. 

26.  Place  the  safety  relay  switch  in  the  operate  position  and  initiate  a  reset  from  the  blockhouse  computo'. 

27.  Verify  instrumentation  recorders  are  on  arxl  initiate  the  test  start  from  the  blockhouse  computer. 

28.  Following  the  test,  confirm  that  the  blodchouse  computer  has  timed  out  and  the  clock  has  stopped  at 

74.9  s. 

29.  Initio  a  reset  from  the  blockhouse  computer  and  confirm  that  the  A1  mid  LOX  tanks  have  vented. 

30.  Record  the  test  identification  data  on  the  operational  checklist. 

31.  Place  the  safefy  relay  switch  in  the  safe  position  and  proceed  to  the  service  module.  Place  the  parrel 
control  switch  on  the  service  module  controller  in  the  off  position. 

32.  Ched(  the  area  for  fires  and  extinguish  as  required. 

33.  Close  the  02  and  H2  su(^ly  tank  valves. 

34.  Sound  the  all  clear  on  the  range  warning  siren. 

35.  Place  the  safefy  relay  switch  in  the  operate  position,  place  the  panel  control  switch  on  the  service 
module  controller  in  the  panel  control  position,  and  place  the  controller  mode  switch  in  the  device  test  positicm. 

36.  Verify  the  nozzle  area  is  clear  of  personnel  and  initiate  the  high-^reed  N2  flow.  Initiate  the  A1  pulse 
start  and  verify  that  the  A1  delivery  line  is  purged. 

37.  Press  the  controller  stop  switdi. 

38.  Close  the  three  N2  supply  tank  manual  valves. 

39.  Place  the  panel  control  switch  on  the  service  module  controller  in  the  off  position  arui  remove  the 
switch  key.  Place  the  safety  relay  switch  in  the  safe  position  and  turn  off  the  TRS  power  supply. 

40.  Return  the  panel  control  switch  key  to  the  blockhouse  and  turn  off  the  range  warning  lights. 

41.  Remove  the  safefy  barricades  and  warning  signs. 
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42.  Imtell  tfie  noaaele  ptiig  and  team  die  aervioe  modide  contiol  paad,  the  aervioe  module,  and  the 

ntarif. 

Operatkmal  Procedurea  for  the  Trailer  Mounted  Hi^  Preamre  Cryofenk  Paap/Vaparixcr. 

NOTE:  Ciyogenic  liquids  wiU  cause  severe  freeze  tamis  on  contact  with  skin.  Protective  clothing  and 
eqdpnrent  must  be  used  when  (operating  this  systent 

1.  Position  LN2  dewars  and  ciyogenic  pumpA^rizer  unit  near  the  TRS  service  module  to  be 
pressurized  so  thid  a  clear  and  unobstructed  path  of  movement  is  provided  between  the  units. 

2.  Connect  the  1/2-in  steel  flexible  hose  between  the  LN2  dewar  and  the  ciyogenic  punqi. 

3.  Ccnuiect  the  1/4-in  high-iKessure  hose  from  the  vaporizer  outlet  to  the  iiqwt  of  the  sovioe  module 
nitrogen  manifold. 

4.  Chedc  tightness  of  the  connections  of  the  stainless  steel  hose  from  the  ciyogenic  pump  to  the 
vqxirizer. 

5.  Close  the  manual  input  valve  on  the  service  module  nitrogen  manifold. 

6.  Open  the  three  manual  valves  on  the  individual  nitrogen  cylinders  and  note  the  pressure  mi  the 
nitrogen  supply  gauge  (this  will  be  needed  when  nitrogen  transfer  between  the  ciyoj^c  pump/v^rizer  and  the 
nitrogen  sup|dy  cylinders  takes  place). 

7.  Close  the  cryogenic  pump  bleed  valve. 

S.  Chedi  that  the  flow/vent  valve  on  the  vaporizer  outlet  is  in  the  vent  position. 

9.  Open  the  outlet  valve  on  the  LN2  dewar  1/4  to  1/2  turn  (a  loud  hissing  should  be  heard  from  the 
vaporizer  vent  line). 

10.  Check  all  conirections  for  liquid  or  pressure  leaks  and  tighten  if  requited. 

11.  Fully  qien  outlet  valve  on  the  LN2  dewar.  Frost  shmild  form  on  the  1/2-in  stainless  steel  flexile 
hose  and  the  head  of  the  ciyogenic  |Himp.  (Chedc  fm  leaks  around  the  pump  head  gasket  and  tighten  head  bcdts  if 
required.  Head  bolts  should  be  tightened  carefully  and  only  eiKHigh  to  stiq)  leaking.  Do  not  overtightoi.) 

12.  Press  the  start  button  on  the  pump  control  unit. 

13.  Open  tire  ciyogenic  pump  bleed  valve  two  full  turns. 

14.  Turn  the  flow/vent  valve  on  the  vaporizer  outlet  from  vent  to  flow  position  (the  sound  of  N2  venting 
from  the  vaporizer  should  stop,  aiul  venting  shoidd  be  heard  from  the  punqi  bleed  valve). 

15.  Slowly  close  the  ciyogenic  pump  bleed  valve  to  about  1/4-tum  open  until  punqi  is  primed  (a  deep 
throbbing  sound  indicates  the  pump  has  prim^.  (N2  vapm  and  a  small  trickle  of  LN2  will  be  coming  frmn  the 
bleedvalve.  This  is  necessary  to  prevent  viqpor  lock  and  loss  of  prime  in  the  pump.) 

16.  (3ieck  the  pressure  gauge  on  the  ciyogenic  pump  control  box.  (The  green  indicator  indicates  the 
autcnnaUc  preset  cut-off  pressure  of  the  pump  control,  and  the  black  indicator  is  the  system  output  pressure.) 
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17.  When  the  itystem  outpirt  immire  equals  the  imssun  in  the  nitrogen  siqiply  cylinders,  open  the 
nitrogen  manifold  valvt  to  fill  the  supply  flinders.  (Untess  system  oi^put  pressure  and  nitio|^  supidy  preamre 
are  equal  nhen  manifidd  valve  is  ojpeoed,  blow  bade  can  occur,  which  can  cause  the  ciyogenic  pump  to  loae  prime 
or  danuge  the  qrstem.) 

18.  When  automatic  preset  cut-offpiessuie  is  reached  (2100  psi  at  the  puny),  the  punq>  will  cut  oCf: 

a.  dose  the  three  mmmal  nitrogen  supfdycylindtf  valves; 

b.  dose  the  manual  mtn^en  manifold  valve; 

c.  turn  the  flow/veat  valve  on  the  vayorizer  outlet  finnn  flow  to  vent; 

d.  push  stop  button  on  the  pump  control  unit; 

e.  dose  the  outlet  valve  on  the  LN2  dewar  (venting  wUl  continue  from  the  v^xnizer  vent  line  and  the 
pony  bleed  valve  umil  all  pressure  has  been  relieved). 

Operational  Procedures  for  the  Transfer  cS  Liquid  Oxygen  from  Bulk  Storage  to  the  TRS. 

NOTE:  Cryogenic  liquids  will  cause  severe  freeze  bums  on  contact  with  skin.  Protective  dothing  and 
equipment  FREE  OF  FETR(K,EUM«BASED  CONTAMINANTS  must  be  used  when  operating  this  system. 

1.  Confirm  that  the  safety  rehty  ctmtrol  switch  is  off. 

2.  Erect  safety  barricades  and  warning  signs. 

3.  Install  the  panel  control  key  in  the  controller  and  confirm  that  the  panel  control  switch  is  in  the  off 

position. 

4.  Chedt  and  record  the  LOX  level  in  the  bulk  storage  tank.  A  minimum  d*  12  in  of  LOX  is  required  to 
fill  the  service  module  tank. 

5.  Clear  the  area  around  the  bulk  storage  tank  and  the  service  module  of  nonessential  personnd  to  a 
distance  of  30  ft. 

6.  Turn  on  the  range  warning  flasher  lights. 

7.  Open  the  manual  LOX  fill  valve  on  the  service  module  LOX  tank. 

8.  Close  the  LOX  transfer  line  vent  valve  at  the  LOX  bulk  storage  tank. 

9.  OpoiUie  LOX  transfer  line  valve  at  the  LOX  bulk  storage  tank. 

10.  Open  the  LOX  supply  valve  at  the  LOX  bulk  storage  tank  to  initiate  the  flow  of  LOX  to  the  service 
module  tank. 

11.  Ctmfirm  that  gas  is  flowing  from  the  service  module  LOX  tank  vent  line. 

12.  ContiniM  the  transfer  of  LOX  until  a  thin  dream  of  LOX  is  seen  flowing  from  the  service  modide 
LOX  tank  vent  line. 

13.  Close  the  LOX  siyply  valve  at  (he  LOX  bulk  storage  tank. 
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14.  0|Mti»lXIKtiiiirfbrttMva4v4NetttiheLOXbii!kstonaBt^^ 

15.  CtoMtfieiniimalLOXfiU  valve  oadwaervioeinoffakLOXtaii^ 

16.  OiedcaidieooidthelXlXlevdfttBaiiuogintbebuUiitongetatik^ 

17.  Place  the  aeivMe  module  panrf  control  fwitch  in  the  panel  control  positicm  and  check  and  record  the 
LOX  kvd  in  the  aervioe  module  LOX  tank. 

IS.  nace  the  panel  Gontrd  switch  in  the  offposition  and  remove  the  twitch  key. 

19.  T\iiii  off  range  warning  flasher  lig^ 
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(HNsratioMd  ClMcUlit  for  T8S  Operitioa 


Oporotional  Chockllot  for  ”  Thin  Flan*  ”  TRS  Syatan 

1.  RECORD  tost  data: 

a.  Taat  identification  number  _ / _ / _ 

b.  Te»t  date  _ I _ / _ 

c.  Time  _ : _ 

2.  Range  warning  lights  OH 

3.  Safety  barricades  &  warning  signs  PLACED 

4.  Fire  extinguishers  AVAILABLE  4  PLACED 

5.  Compressor  for  water  pressure  ^ 

6.  TRS  power  ON  Check  Voltage  level  32  V 

7.  Safety  relay  switch  SAFE 

8.  CHECK  supply  levels: 

a.  L(N£  supply  _  % 

b.  AL  supply  _  Inches  from  top 

9.  A1  tank  cap  INSTALLED 

10.  Nozzle  plug  REMOVED 

11.  Area  CLEAR  of  non-essential  personnel 

12.  Power  OH  Panel,  control  key  INSTALLED  in  controller 

13.  Panel  control  switch  PANEL  CONTROL 

14.  Controller  mode  TIME  SET 

15.  SET/CHECK  controller  function  times; 


a. 

Cycle  start 

sec 

b. 

Ignition  sequence  start 

sec 

c. 

Quit  ignition,  02  on  _ 

sec 

d. 

LOX  tank  pressurization 

sec 

e. 

A1  tank  pressurization 

sec 

f. 

Nozzle  purge 

sec 

9* 

Vent  tanks,  end  run  _ 

sec 

h. 

no  function 

sec 

i. 

LOX  flow  on 

sec 

j. 

LOX  Divert 

sec 

k. 

Device  A 

sec 

1. 

Stop  LOX  4  HS  N2  flow 

sec 

m. 

HS  N2  flow  start 

sec 

n. 

Device  B 

sec 

o. 

Aluminum  flow  start 

sec 

P- 

Aluminum  flow  stop 

sec 

q* 

Aluminum  pulse  start 

sec 

r. 

Aluminum  pulse  stop  _ 

_  sec 

16.  Panel  control  switch  REMOTE 

17.  LOAD  4  RUN  brlopr.bas  on  control  computer 

18.  Initiate  test  START  from  control  c«i:puter 
verify  controller  start 

20.  ABORT  test  from  control  computer 

21.  Controller  Mode  DEVICE  TEST 

22.  Panel  control  switch  PANEL  CONTROL 

23.  Safety  Relay  switch  W 

24.  OPEN  N2  tank  valves  4  CHECK  pressure  _ psi 

25.  Actuators  regulator  output  pressure  SET  to  _  p 


TRS  Sy«t«B 


P«g«  2 


dpvntimial  C3i«clclist  for  ”  Thin  FI 
26.  CBBCK  oporation  of  valvaa: 

a.  lOX  tank  prassurlzatlon 

b.  AL  tank  praasurlzation 

c.  Nozzla  Purge 

d.  Ua.  flow 

a.  LOX  to  Nozzle 

f .  Device  A 

g.  High  speed  flow 

h.  A1  pulse  start 


27.  VERIFY  iteration  of  TRS  Ignition  system: 

a.  OPEN  02  cylinder 

b.  CHECK  02  supply/ output  pressure  _ / 

c.  OPEN  H2  cylinder 

d.  CHECK  H2  supply/output  pressure  / 

Personnel  CLEAR  of  nozzle  area 


psl 

_ P*i 

e.  Personnel  CLEAR  of  nozzle  area  30  ft  minimum 

f .  Controller  mode  IGNITION  STOUENCE  £  START 

g.  C(HIFIBM  stable  Ignition  operation 

h.  STOP  to  turn  off  Ignitors 

28.  Regulator  output  pressures  SET  to  listed  pressures: 

a.  LOX  tank  pressure  psl 

b.  High  speed  nitrogen  psl 

c.  Aluminum  tank  driver  pressure  psl 

d.  Aluminum  tank  fluldlzer  pressure  _  psi 

e.  Nozzle  purge  psi 

29.  Control  Panel  switch  REMOTE 

30.  Control  Panel  SECURE 

31.  Area  CLEAR 

32.  SOUND  warning  siren 

33.  Safety  relay  switch  OPERATE 

34.  Blockhouse  READY  for  test 

35.  Initiate  RESET  ftcm  control  coiqputer 

36.  Initiate  test  START  from  control  computer 

37 .  Recorder  W 

38.  RECORD  weather  conditions: 

a.  Temperature  _  F 

b.  Baroswtric  pressure  _  in  Hg 

c.  Wind  direction  _ 

d.  Hind  speed  _ mph 

39.  croiFIWM  controller  clock  STOPPED  at  74.9  sec 

40.  Confirm  LOX  and  AL  tank  vents  OPEN 

41.  Safety  relay  switch  SAFE 

42.  CHECK  area  for  flresTPCTINGUlSH  If  required 

43.  Panel  control  switch  OFF 
ECTRACT  Panel  control  key  frmn  controller 
H2  cylinder  valve  CLOSED 
02  cylinder  valve  CLOSED 

47.  CLOSE  Nitrogen  tank  valves 

48.  TURN  DOWN  all  output  regulators  and  let  bleed 
SOUND  warning  siren  all  clear 

NOTE:  Delete  Items  when  conducting  "Cold  Flow*  Test 


** 

**■ 


44. 

45. 

46. 


49. 
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Bzperiacat  Data  Sheet 


DANTES  Theeiul  Radiation  Simulator 
Exparijnent  Data  Sheet 

Pre-Event  Data 

EVENT  ID  NUMBER  TRS-  -9  DATE  /  / 

ItEATHER _ 

TEMPERATURE  F  HUMIDITY  «  BAROMETRIC  in  Ho 

MIND  DIRECTION:  N  NE  E  SE  S  SW  N  NN  WIND  SPEED  iiqph 

PRELIMINARY  COOffiNTS _ 


INITIAL  SETTINGS 


ALUMINUM  TANK  DRIVER _ gsi 

NOZZLE  PURGE _ ESi 

LIWID  OXYGEN  TANK _ ESA 

HIGH-SPEED  NITROGEN _ pai 

ALUMINUM  FLOW  TIME  _  see 


ALUMINUM  TANK  FLUIDIZER  pai 

ACTUATOR  PRESSURE _ pai 

OXYGEN  PRESSURE _ pai 

HYDROGEN  PRESSURE _ pai 

ALUMINUM  PULSE  TIME  aec 


ALUMINUM  WEIGHT  DATA 


DISPENSER  WEIGHT 


Iba 


Diatribution: 

_ 

_ 

_ 

_ Ua 


_ 

_ Iba 

_ Iba 

M  _ 


TOTAt  MEIWT _ (ja  -  <  )*0P  «  NET  WEIGHT _ 


_ 

_ Iba 

_ Ihf 


CALOaiMETER  LOCATKM 

ID#  LOCATKM  ID#  LOCATION  10#  LOCATION 


Intentionally  Left  Blank 
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APPENDIX  B:  METHOD  FOR  CORRECTING  CALORIMETRIC  DATA 


Intentionally  htSi  Blank 
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The  in  this  a^jpendix  is  an  expansion  of  the  coiuribulion  of  Dr.  John  Polk. 


The  Garckm-type  gau|^,  depicted  in  the  text  in  Figure  17,  is  not  an  instantaneous  roeasuiemoit  device.  It 
has  a  re^nse  unique  to  its  physical  design.  The  supplier  of  the  gauge  used  at  ARL  has  reported  the  response  rate 
in  very  specific  terms.  If  the  gauge  were  subjected  to  a  step  input,  the  result  is  an  exponential  rise  of  (l-«'^i). 
The  response  qredfication  is  that  6S.2%  of  the  input  would  be  registered  in  the  output  by  a  certain  time.  This  time 
is  the  first  time  constant,  C,.  By  knowing  the  time  constant,  one  can  "correct*  the  ouqmt  from  the  Gartton  gauge. 

Given  the  following  ddinitions: 

is  voltage  ^iroduced  from  calorimeter 
C|>(>  is  proportio.nality  constant 
T0  is  the  diaphragm  center  temperature 

Tg  is  the  diaphragm  edge  temperature  and  is  assumed  constant  with  time 
CvF  is  a  proportionality  constant  converting  voltage  to  flux 
CyY  i^  product 

is  the  measured  flux  in  cal/cm^ 

Fj  is  the  incident  flux  in  cal/cm^ 

Cp  is  the  specific  heat  of  the  material 
m  is  the  diaphragm  mass 

The  output  of  the  Gardon-type  gauge  can  be  written  as; 

V„=Ctc(To-T3).  B-1 

The  measured  flux  can  then  be  written  using  equation  B*1 ; 

~  ^VFYm  ~  ^Vt[^D  ~^b]  ’ 

For  a  transient  analysis,  the  change  in  internal  energy  of  the  sensing  element  can  be  written  as; 

AE  =  Cpm(TD-TB) .  B-3 

The  rate  of  change  in  the  internal  energy  can  be  written  as; 

dAE  dtCpniTo) 

— -  B-4 

dt  dt 

TIk  rate  of  change  of  the  internal  energy  of  the  diaphragm  is  assumed  to  equal  tlw  net  exchange  of  energy 
between  the  radiant  flux  into  the  surface  and  the  energy  conducted  away  at  the  edge.  That  could  be  written  as; 

^  =  r,-Fn=F,-C„(T„-T.).  B.5 
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This  sets  iq)  a  differential  eipution; 


Pvt’^P 

dt  Cpiii  Cpin 

The  solution  of  this  equation  can  be  found  several  ways.  The  method  of  unng  an  integratitm 

factmr  is  used.  In  gnieral  for  any  differential  equation  in  the  form; 

~  +  yP(x)  =  G(x)  .  B- 

dx 

the  solutMm  can  be  e}q»essed  as: 

where 

n(x)  =  exp[^|Jp(s)dsj  .  B- 

By  siibstituting  the  terms  of  equation  into  equation  B*8  and  equation  B-9,  and  simplification,  the 

result  is  a  solution  for  Tq  in  the  form  of  Fm  and  F|.This  solution  is: 


C.m 

p  -  F  ^ 

*m  ’ 

V'VT 


(f*) 


As  it  turns  out,  the  constant  c,m  is  equivalent  to  time  constant  C|  in  the  response  rate  equation,  (l-«""*n). 

Cv, 


46 


APPENDIX  C:  PROCESS  OF  SIMULATION  OF  DRIVER/AERATION  MODEL 


C.1  Aluminum  Vessel  Model 


An  original  mathematical  model  of  the  aluminum  containment  vessel  was  constructed  to  simulate  the 
interaction  of  pneumatic  forces  with  the  dynamic  forces  of  the  powdered  aluminum.  The  first  q)proximation  of  the 
vessel  dynamics  did  not  take  into  account  the  possibility  of  variation  in  bade  pressure.  It  was  assumed  thm  the 
aluminum  would  be  discharged  into  a  constant  pressure  environment.  The  vessel  included  an  aeration  tystem  to 
"fluff*  the  aluminum  powder  during  an  event  so  the  aluminum  would  behave  as  a  liquid. 

As  illustrated  in  Figure  C-l.  the  dynamic  model  was  represented  Ity  the  following  equations. 


T3 

di3 

A3 

Figure  C-1.  Aluminum  containment  vessel. 


Bernoulli's  Equation, 


Pal 


V’  P,-P, 

— +g,y  =  -^+^+g,y,. 

2  Pal  2 


By  continuity  and  conservation  of  mass. 


(C-1) 


ih  —  VA  —  Pal  V3AJ, 


and 


V, 


(C-2) 
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Noting  the  vdoci^ofthe  fluid  level,  V^dy/dt,  denoted  as  y'sothat 


.  .A 

roiiflctiwy  terms  to  tme  tide  and  simplifying;  a  differential  equation  results  in  the  form  of 


(C-3) 


y'=± 


(C-4) 


This  basic  equation  describes  the  pressure  driving  the  aluminum  through  the  bottom  i^^ening  by  the 
lowering  of  the  aluminum  level  y  from  y«.  The  assumptions  are  that  the  pressure  P  has  an  initial  value,  and  there 
is  no  make-up  air  to  maintain  pressure. 

The  aluminum  vessd  in  fact  has  two  feed  lines  of  nitrogen  under  pressure.  The  line  pressure  and  flow 
volume  are  controlled  by  preset  regulators.  As  pressure  drtq>s  in  the  tank  void,  the  make-tq)  feed  pressure 
increases,  tqMessurizing  the  void  to  drive  the  aluminum  powdor.  using  ideal  gas  laws  and  isentropic 
relationships,  we  are  able  to  model  the  events  occurring  within  the  task.  Study  of  these  events  is  eatify  done  by 
observance  in  tmne  small  increment  of  time.  At.  This  gives  rise  to  the  following  modification  of  the  ideal  gas  law: 


By  uting  the  following. 


P,+dP  = 


RK-i-dmXT,-KiT) 

y,+dv 


(ratio  of  specific  heats). 


and 

R  =  C,-C, 

the  result  is  the  following  relations 


(gas  constant). 


mid 


V.+dV=V.+A(y.-y). 
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t  iiMniMnwrtaH  hy  At^ 


P«+dP  = 


RT,(m,-fdm) 

K+A(y.-y)]P.^ 


llie  vahie  ctf  da  is  the  aBKwm  of  mass  beiQg  iiiliodiiced  back  into  the  i^ttme  for  iqHcsnmzitiaii  doriag 
time  iocreoient  At  Keeiaog  in  mind  there  are  several  inputs  of  gas  into  the  volume. 


.  f  pV  2IcRT,  ,  ( P  V' 


Sinqdil^ing  and  multiplying  ih  by  At  results  in 


m  =  m,  + 


Mil , 


where 


a.  =  A 


2kP  ‘ 


-VRT,(k-l)- 


Substitution  of  equation  C<6  into  C-S  gives 


RT,  Ii..+2:.a.p^p‘‘pf-pj  At 


[V.+A(y.-y)]p; 


SI 


C2  Ikscending  Disk  Method. 


The  Rsuhant  equations  were  run  on  a  PC  using  FORTRAN.  The  results  were  a  smooth,  nonoscillatoty 
mass  Saw  of  alumiitum.  The  initial  part  of  the  simulatioo  was  extremely  transienL  Much  like  a  danqwd  system, 
the  tiansiems  gave  way  to  steady  values  of  pressure  and  mass  flow.  The  parameters  were  changed  to  extreme 
values  in  an  atteaqit  U>  stimulate  instd>ilities.  The  one  parameter  that  had  significant  effect  was  the  outlet 
pressor^  P3.  Vatying  the  fnessaie  had  a  commanding  effect  on  the  mass  flow  rate  out  tff  the  alumimnn  tank. 

To  determine  if  the  outlet  pressure  was  affected  by  the  current  hardware  configuration,  a  second  modd 
eaqtkiying  a  technique  called  the  Descending  Didc*(Loudcsl991)‘ method  was  used.  As  seen  in  Figure  C-2.  the 
mass  out  of  the  taiik  into  the  transport  line  is  viewed  as  a  solid  didc  of  material.  As  the  disk  eaten  the  tranqxut 
line  cmitrcd  vdume  during  smne  time  increment  At,  the  transport  pressure,  is  affected. 


LD  *  Disk  Diameter 
uB  »  Gas  Veloci^ 
MD  «  Mass  of  Disk 


Aluminum  Powder 


MR  *  Remaining  Mass 
FD  Fmce  on  Disk 
PH  *  Hi^  Pressure 
PE  »  Exit  Pressure 


PE 

AE 

mE 

TE 


Figure  C-2.  Descending  didt*  confiniration. 


Initially,  as  the  disk  lowen  into  the  control  volume,  Ag  will  become  some  fraction  of  Ag,  reducing  m  , , 
the  air  bypassing  the  didc  This  will  increase  P3.  Within  the  time  step,  the  descendant  mass,  will  be 
accelerated  out  of  the  control  volume.  Any  mass  remaining  in  the  control  volume  after  Dt  will  be  added  to  the 


^Loudcs,  R.  B.  *  Dynamic  Rq»nse  Formulation  for  Pneumatically  Driven  Liquid  in  a  Pressure  Vessel. 
"Proceedings  of  the  1991  American  Sodely  (^Mechanical  Engineers  International  Computers  in  Engineering 
Confinenoe  and  Eiqxisition,  Santa  Clara,  CA,  vol  2,  p.  43,  August  1991. 
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ItaMBniM/tttric.  The fiiUowinf  is owd 


Mo  »  myDt  (disk  messX 

AgLp 

(density  ratioX 


Ag^Ag{l-b)  (bypass srea), 

Fo^PJhAg^Moi  (ioioe  moviog  disk  downstream  )  . 


The  distance  the  didc  travels  downstream  is  d^ermined  by  integrating  X ; 


integrates  incrementally  into 


S. 


p,PA^{Aty 
2M  D 


The  mass  remaining  within  the  ooittrol  volume  is 


Mk 


(ifx  ^  Lq,  no  mass  remains). 


The  remaining  mass  is  important.  It  determines  the  amount  of  blodcage  in  the  control  vtdume  for  the 
evaluation  ot  diange  in  Pj.  To  further  evaluate  what  P3  is,  the  control  volume  is  treated  as  a  vessd  with  given 
emranoe  and  exit  pressures  and  mass  flows  during  some  increment  of  time,  At,  as  dqjicted  in  Figure  C-3. 
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/ Control  Surfoce 


LD 


Figure  C>3.  Control  volume  during  At. 

To  describe  the  change  in  internal  energy  of  the  control  volume,  we  use  the  First  Law  of  Thermodynamics 
(Van  Wylen  and  Sonntag  1978)'' : 

dQ  E^-E,  ^  dW 
dt  dt  dt  ’ 

ndieie  the  following  are  defined: 


E,  *  Ef -t-Cidm,, 

E,  ■  E,  +  AE +e,dm,, 
dQ=cO,  (adiabatic  ^tem). 
dW  -  dWo  +  (P.v.dm.  -  P,v,dm* ), 

®  At 

By  sidKtitution  and  combination  and  using  the  following  relations. 


C+Pv  =  i+Pv+ — +g,z , 
2 


ndiere  c  is  described  as  the  total  qxcific  energy  of  the  wotking  fluid  The  qiecific  enthalpy  is  defined  as  h  ■>  i  -f  Pv. 
The  result  is  the  following  for  the  total  net  change  in  internal  energy: 


'  Van  Wylen,  G.  J.  and  R.  E.  Sonntag.  Fundamentals  d  Classic  Thermodynamics.  SI  Version,  Second  Edition, 
New  York:  John  Wiley  and  Sons,  Inc.,  1978. 
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AE  = 


*M™H  ~|^^a  ■•■  2 


At  + 


Fd(Ld-x) 


At 


(C-9) 


This  equation  describes  the  change  of  state  of  the  woricing  fluid,  nitrogen,  for  the  increment  (d*  time  Dt. 
Several  of  the  variables  are  yet  to  be  defined.  By  use  of  the  ideal  gas  law,  and  assuming  the  process  is  nearly 
isentropic  and  adiabatic,  values  for  the  unknowns  can  be  found  as  follows.  The  mass  flows  of  the  inlet  at  H  and 
the  Ir^pass  at  B  are  equated  the  same  as  equation  C<6. 


~  ^hPh 


2kRTH 

i  k-l  IPhJ 


~  ■^bPb 


fif  pkRT^  J  (^Y 
tPBjJk-l  [PbJ 


By  use  of  the  First  Law 


and 


By  use  of  the  isentrqpic  relationship  Pv^-  Constant, 


the  kinetic  energy  term  can  be  found  to  be 


The  enthalpy  of  state  B  can  be  aiqiroxiinated  by 

hs  *  CpTa* 
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Since  the  exit  piessme  suffice  B  is  the  inlet  pressure  tor  suffice  E, 

P,=Ph 


then. 


ha 


P.k 


The  values  fir  Fq  are  found  fiom  P)  acting  on  Ag  such  that  the  work  on  the  didc  is  es^panded  to 

Fd(Ld-x)  P^pAaLn  (P,3Aa)'At 
At  ”*  At  ~  2Mn 

By  substituting  these  values  bade  into  equation  C*9,  and  knowing  the  value  for  hg  (found  in  gas  tables), 
AE  is  filly  determined. 

We  redefine  the  net  change  in  energy  at  the  control  volume  by  the  time  increment  Previously  AE  was 
defined  by  the  change  in  state  of  control  suffice.  It  is  also  defined  by  the  change  in  state  of  the  control  volrune 
itself  over  some  time  At.  By  use  of  the  equations  of  state  before  and  after  At,  using  a  constant  volume  analysis, 

AE  =  C.(ir-T.). 


Again,  using  the  fieal  Gas  Law, 


k-1 


where  the  specific  volume  (reciprocal  of  the  density) 


and 


M*  =  M, +(rh„  -  ihB)At  =  M,  +  AM. 
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iitetttitfiafi  and  icttraasemeBt,  ibe  fuedicted  imsim 

p,  =  AJmj + AM) .  (C-IO) 

The  results  of  P3''’  can  be  inserted  bade  into  equation  C-4  for  detemunation  of  the  pneumatic  effects  cf  the 
tianqxHt  chamber  at  the  foot  of  the  aluminum  tank.  The  entire  process  can  occur  and  is  advanced  (me  time 
increment. 

Assuming  the  modd  was  not  in  error,  and  the  (mqmt  was  believable,  then  the  instabilities  in  the 
aluminum  mass  flow  must  be  due  to  some  other  outside  influence  on  this  system.  After  some  research  of  the 
hardware,  it  was  fimnd  that  the  line  tianqmrting  the  alumiiuun  powder  was  flexible  and  had  several  bends.  These 
were  iQrpothesized  as  to  be  the  cause  of  the  fluctuations,  and  a  new  straight,  rigid  pipe  should  rq>lace  the  existing 
flex  line. 

A  FORTRAN  program  was  run  on  a  PC  to  simulate  the  model.  With  given  conrtants  and  initial  values 
for  variables,  the  program  was  able  to  simulate  the  mass  flow  of  aluminum  powder  out  of  the  aluminum  powder 
tank,  ih,.  The  results  (tf  this  simulation  exhibited  a  steady  mass  flow  rate.  Attenqrts  were  made  to  cause  the  flow 

to  oscillate.  The  osdllatiims  were  quickly  damped  and  the  flow  stabilized.  This  led  to  the  assumption  that  the 
source  of  the  TRS  output  fluctuations  was  induced  elsewhere. 

It  was  found  that  the  flexible  uaitrqwit  line  that  carried  the  aluminum  powder  fiom  the  aluminum  powder 
tank  to  the  nozzle  could  be  the  source  of  a  pressure  undulation.  A  steady  sinusoidal  forcing  function  was  applied  at 
the  pressure  at  the  nitrogen  pressurizer.  The  effect  was  to  directly  influence  the  mass  flow  rate.  This  indicated 
that  the  mass  flow  rate  couki  be  disrupted  by  an  exterior  influence.  The  flexible  tranqwrt  liite  was  replaced  by  a 
rigid  cojppcr  tube.  The  resultant  TRS  mitput  demonstrated  a  sharp  attenuation  in  the  thermal  ouqxit  oscillations. 


Intentionally  Ldt  Blank 
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APPENDIX  D;  MICROGRAPH  DATA  OF  ALUMINUM  POWDER 


Intentionally  Left  Blank 
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The  mounted  stub  with  an  aluminum  powder  sample  for  microscopic  viewing  consisted  of  two  regions,  as 
seen  in  Figure  D'l.  One  part  of  the  stub  was  painted  with  caibon  adhesive  and  the  remainder  left  untouched.  A 
small  saiiq>le  of  powder  was  shaken  over  the  st\d>.  After  the  adhesive  dried,  loose  particles  were  shaken  off  and  the 
mitire  mount  was  sputtered  with  a  thin  film  of  gold.  Tlw  gold  enhanced  the  topographic  contrast  and  also 

improved  the  adhesion  of  the  particles  to  the  stub. 

In  the  caibon  adhesive  areas,  particles  adirered  in  a  dense  heterogeiwous  array.  This  region,  shown  in 
Figure  D>2,  provides  a  sampling  of  the  complete  particle  size  but  is  prob^ly  biased  toward  lar^  particles.  The 
low-naagnification  micrographs  provided  a  general  impression  of  the  range  of  sizes  present  in  tlw  sample. 

In  the  remaining  region.  Figures  D*3  and  D<4,  particles  of  about  10*20  pm  in  size  adhere  to  the  mount  by 
electrostatic  attraction  in  a  fiurly  uniform  diqxrsion  array.  This  region  provided  a  better  view  of  the  finer 
components  of  the  total  distribution.  Particles  larger  than  about  20  pm  did  not  ai^^ear  since  they  will  not  adhere 
this  way.  However,  it  is  considered  that  the  total  array  is  probably  at  least  qualitatively  representative  of  the 
particle  distribution  below  about  20  pm. 

The  higher  magnification  micrographs  in  the  nonadhesive  region.  Figures  D*S  and  D-6,  provided  an  idea 
of  the  size  distribution,  shape,  and  general  appearance  of  the  particles.  Higher  magnifications  of  both  regions 
show  particle  aspect  and  topography.  In  general,  the  fines  are  not  strongly  aggregated,  but  there  is  some  tendency 
for  the  fines  to  be  aggregated  to  the  larger  particles.  The  topography  of  the  large  particles  show  them  to  be 
primarily  distina  entities  rather  than  loose  aggregations  of  smaller  particles. 
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ATTN:  Techttical  Library 

K.  Ruster 

3700  East  Pontiac  Street 

P.O.  Box  3700 

Fort  Wayne,  IN  46803 

3  The  Johns  Ho|^ns  University 
^plied  Physics  Laboratory 
ATTN:  Technical  Library 

T.  Coughlin 
J.  Kourorqris 
Johns  Hofddns  Road 
Uurel,  MD  20707 

1  Kaman  Sciences  Corporation 
ATTN:  F.  McMullan 
6400  Uptown  Blvd,  Suite  300E 
Albuquerque,  NM  87110 

1  The  Kaempfer  Company 
ATTN:  W.  Herman 
1150  18th  Street,  N.W. 

Suite  1000 

Washington,  D.C.  20036 
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2  Maitm  K^etta  Aerospace 
ATTN:  Tedmical  libnuy 

M.  Bauer 
P.O.  Box  179 
Denver,  CO  80201 

2  McDonnell  Douglas  Coip. 

ATTN:  Technical  Libraiy 
C.  Cw^ 

Ballistic  Missile  Defense 
3301  Bolsa  Avenue 
Ehuungton  Bei^li.  CA  92647 

1  Medtherm  Corporation 
ATTN:  Lany  Jones 
P.O.  Box  412 
Huntsville,  AL  33804 

2  New  Mexico  Engineering  Research  Institute 
ATTN:  Technical  Libraiy 

R.  Robey 

University  of  New  Mexico 
Albuquerque,  NM  87131-1376 

2  Olin  Ordnance 

ATTN:  Technical  Libraiy 

J.  Kibiger 

Product/Material  Control 
10101-9th  Street  North 
St.  Petersburg.  FL  33716 

1  PCI 

ATTN:  V.  Schmidt 
900  19th  St  NW 
Suite  600 

Washington  D.C.  20006 

2  Reynolds  Metals  Company 
ATTN:  Technical  Libraiy 

N.  Koopman 

Plant  #3, 4101  Camp  Ground  Rd. 
LouisviUe,KY  40211 

3  S^CUBED,  Maxwell  Laboratories 
ATTN:  Technical  Library 

C.  Needham 

K.  Schnietter 
AltmquerqiK,  NM  87131 

1  SI/Division  of  Spectrum  39 

ATTN:  W.  Schuman 
8831  Satyr  Hill  Rd.  Suite  312 
Baltimore,  MD  21234 


2  Science  Applications  Intemaiional  Corp. 
ATTN:  Technical  Libraiy 
J.  Biyars 

1 1526  Sorrento  Vallqr  Road 
Suite  A 

San  Diego,  CA  92121 

4  Science  Aiqilications  International  Corp. 
ATTN:  J.  Simmons 
J.  Guest 
J.  Dishon 
P.  Versteegan 
P.O.  Box  1303 
1710  Goodrich  Dr. 

McLean,  VA  22102 

1  Science  Applications  International  Coip. 
ATTN:  S.  Docrr 
2109  Air  Park  Rd.,SE 
Albuquerque,  NM  87106 

1  Silberline  Manu&cturing  Company,  Inc. 
ATTN:  Technical  Libraiy 

P.O.  Box  A 
Lansford.PA  18232 

2  Simula  Government  Products  Inc. 

ATTN:  Technical  Libraiy 

W.  Perciballi 
10016  S.  51  St  Street 
Phoenix,  AZ  83044'S299 

1  Southwest  Research  Institute 
ATTN:  Technical  Libraiy 
P.O.  Drawer  28510 
San  Antonio,  TX  78284 

1  SRI  International 

ATTN:  Technical  Library 
333  Ravenswood  Ave. 

Menlo  Park.  CA  94025 

2  Tech  Reps.,  Inc. 

ATTN:  F.  McMullen 

B.  Collins 

5000  Marble,  N.E.,  Suite  222 
Albuquerque,  NM  87110 

1  Teledyne  McCormick  Selph 
ATTN:  C.  Garrison 
P.O.  Box  6 

Hollister,  CA  95023-0006 
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1  TERA 

New  Mexico  Institute  of  Technology 
ATTN;  Technical  Libraiy 
Socono,  NM  87801 

1  Thermogage.  Inc 

ATTN:  Charies  Bzookly 
330  All^hany  St 
Fio^burg,MD  2IS32 

1  Trananet  Coip<»ation 

ATTN:  Technical  Libraiy 
4290  Perimeter  Dr. 

Columbus,  (HI  43228 

1  U.S.  Bronz  Powders.  Inc. 

ATTN:  Technical  Libraiy 
P.O.Box  31 

Route  202 

Flemington,  NJ  008822 

2  Unj^«rsity  of  Maryland  at  College  Park 
Department  of  Mechanical  Engineering 
ATTN:  ENME, 

J.  Duncan 
J.  Wallace 

Rm.2168 

Engineering  Classroom  Building 
CoUegePaik.MD  20742-5121 

1  Valimet  Inc. 

ATTN:  Technical  Library 
431  East  Sperry  Road 
Stodcton,CA  95206 

4  Walcoff  and  Associates,  Inc. 

ATTN:  T.  Toya 

C.  Paquette 
C.  Walcoff 
R.  Walden 
635  Slaters  Lane 
Alexandria,  VA  22314 


Aberdeen  Provine  Ground 

1  Cmd,  AMCCOM 

ATTN:  SMCAR-ACW 
Weapons  Systems  Concept  Team 
Bldg.  E3516 


9  Dir,  USAMSAA 

ATTN:  AMSXB-GB,  Abel 

AMXSY-S,  CanoU 
AMXSY-GC, 

B.  Bramwell 

C.  Eissner 
L.  Meredith 
W.  Wiederman 
A.  Wong 
LTCHasseU 
JTCG-ME,  LaGrange 

2  Cmd,  USACSTA 

ATTN:  STECS-AE-TL.  Bindcl 
STECS-AE-TH,  Wiley 

7  Dir,ERDEC 

ATTN:  SCDRB-RTT, 

L.  Bickford 
K.  Fritz 
S.  Funk 
G.  Goldsmith 
R.  Milecki 

I.  Swarm 
A.  Turetsky 

1  Cmdr,USACX:&S 

ATTN:  Technical  Libraiy 

6  Cmdr.USATECOM 
ATTN:  AMSTE-SI-F 

AMSTE-CL 
AMSTE-EV-0 
AMSTE-TA-F 
AMSTE-ML 
AMSTE-TE-V 

73  Dir,  U.S.  Army  Research  Laboratory 

ATTN:  AMSRL-CI-S,  A.  Mark 
AMSRL-CP-Tl,  J.  Polk 
AMSRL-WT-TD,  P.  Kingman 
AMSRL-WT-NC, 

R.  Lottero 
R.  Loucks  (40  cys) 

P.  Muller  (10  cys) 

R.  Thane  (10  cys) 

J.  Sullivan 

R.  Raley 
W.  Wright 
G.  Fergeson 

S.  Schiamel 
KOpalka 

C.  Mermagen 

AMSRL-WT-WG,  L.  Puckett 
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2  Bundesamt  ftr  Wehrtechnik  ami 
Besdhafiung 
ATTN;  K.  Kohler 

Technical  Library 
PostBtch  7360 
S400  Kolenz,  Germany 

2  Defense  Research  Establishment  Sufiield 
ATTN:  D.  Ritzd 

Technical  Library 
P.O.  Box  4000 
MedidneKat 
Alberta,  TIA  8K6  Canada 

4  DSTO.  Materials  Research  Laborator)- 
ATTN:  N.  Burman 

D.  Saunders 
M.  Auckland 
Technical  Library 

P.O.  Box  50 
Ascot  Vale 

Victoria,  Australia  3032 

2  Fraunhofer-Institut  filr  Kurzzeitdynamik 
Ernst  Mach  Institut 
ATTN;  H.  Amann 

Technical  Library 
7800  Freiburg,  Germany 

2  Industrieanlagen-BetriebsgesgeUschaR  mbH 
ATTN  Technical  Library 

H.  Diekhoff 

Abteilung  Finite  Berechnungsverlahren 
Einsteinstrafie  20, 0*8012  Ottobrunn 

7  Ministry  of  Defense 

Atontic  Weapons  Establishment 
ATTN;  M.  German 
J.  Threadgoid 
W.  Babbage 
B.  Bogartz 

I.  Smith 

J.  Tate 
M.  King 

Technical  Library 
Foulness,  Essex,  SS3  9XE,  UK 

4  Ministre  de  la  Defense 
Centre  dEtude  de  Gramat 
ATTN:  S.  Gratias 

E.  Canton 
D.  Mergnat 
Technical  Library 

46500  Gramat,  France 


2  Ministere  de  lEquipment 

Laboratoire  dHEssais  dEquipements  d'^ris 
ATTN:  Technical  Library 

D.  Fau 

Base  de  Viroulou  •  Alvignac 
46500  Gramet,  France 

2  National  Defense  Research  Irmitute 

Weapons  Technology  Department 
ATTN:  H.  Axclsson 

Technical  Library 
P.O.  Box  98 

S-147  00  TUMBA,  Sweden 

3  Norwegian  Defense  Construction  Service 

Test  and  Development  Section 
ATTN:  Technical  Library 

A.  Jenssen 
Oslo  mil/Akershus 
Oslo,  Norway 

1  Stores  and  Clothing  Research  artd 

Develcq>ment  Establishment 
ATTN:  S.  Elton 

S.  Cross 

Technical  Library 
Flagstaff  Rd. 

Essex,  C02  7SS,  UK 

2  Wehrwissenschaftliche  Dienstselle  fUr 
Sprengmittel  und  Sondertechnik 
ATTN;  M.  Klaus 

L.  Klubert 
Technical  Library 
CXrerjcttenberg 

8230  Schneizlreuth,  Germany 

2  WehrwissenschaiUicbe  Dienstselle  dcr 
Bundeswehr  Rir  ABC-Schutz 
ATTN:  W.  Rehmann 

Technical  Library 
Humboltstrabe/Postfach  1142 
3042  Monster,  Germany 

1  Dewey  McMillan  &  Associates,  Ltd. 
ATTN:  J.  Dewey 
1741  FelthamRoad 
Victoria  BC  V8N  2A4,  Canada 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratofy  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
ocmunents/answers  to  the  iteros/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number _ ARL-IR-50I _ Date  of  Report  August:  iqq^ _ 

2.  Date  Report  Received  _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  otlwr  area  of  interest  for 

which  the  report  will  be  used.) _ _ 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.) _ _ _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  orgaruzation,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7,  If  indictuing  a  (Thange  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address 
above  and  the  Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

(Remove  this  sh^t,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


DEPARTMENT  OF  THE  ARMY 


OFFICIAL  BUSINESS 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  0001.  APQ,  MD 


Posisgs  wM  bs  paid  b|r  addtasssw 

Director 

U.S.  Army  Research  Laboratory 

ATTN:  AMSRL-OP-AP-L 

Aberdeen  Proving  Ground,  MD  21005>5066 


